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PREFACE 


TE objective of the sixth edition of Textbook of 
Anaesthesia remains the same as that of previous edi- 
tions, namely to provide a concise, easy-to-read text 
for novices in anaesthesia and an essential resource 
for those preparing for the Primary Examinations 
of the Royal College of Anaesthetists. Candidates 
for these examinations require an extensive knowl- 
edge of the basic sciences underpinning anaesthe- 
sia, critical care and pain management, and the 
clinical knowledge and skills expected in those who 
have completed at least 12-18 months in a full-time 
training post. 

In preparing the present edition, there have been 
many significant modifications. The title has been 
changed to ‘Smith and Aitkenhead’s Textbook of 
Anaesthesia to reflect the enormous contributions of 
Professor Graham Smith to the first five editions. Two 
new editors have joined the editorial team to replace 
Professors Smith and Rowbotham. After extensive and 
careful review, we felt that it was essential to continue 
to cover in detail the basic sciences which have direct 
and close clinical relevance. Indeed, without this in- 
formation, it is not possible to understand the clinical 
material described in the book. We have introduced 
new chapters dealing with consent and information 
for patients, management of the difficult airway, man- 
agement of the high-risk patient, anaesthesia for ab- 
dominal surgery and in the obese patient, anaesthetic 
considerations in transplant patients, safety and qual- 
ity improvement, resuscitation, and education and 
training. We have also combined the subjects of clini- 
cal measurement and monitoring into a single chapter. 


In addition, we have rearranged the order of chapters 
into a more logical format. 

We asked a number of senior, experienced authors 
with expertise in their subject to modify or completely 
re-write their contributions. We have also recruited 25 
new authors to ensure the invigoration of the text by 
fresh younger minds. We are grateful to all the authors 
for their contributions and we also thank our review- 
ers and readers who have made helpful suggestions, 
many of which have influenced the planning of the 
new edition. We are also grateful to the publishers who 
have cooperated in our desire to make fundamental 
changes. 

We hope that the sixth edition will be as popular 
as previous editions and remain the book of choice 
for trainees embarking on a career in anaesthesia. 
Although this book is aimed primarily at the novice 
trainee, we are aware that many anaesthetists study- 
ing for the Final FRCA examinations use Textbook of 
Anaesthesia when revising the basics; we hope that 
this will continue. We are also aware that the book is 
used by trainee anaesthetists in many countries other 
than the UK; of course, the training needs are the 
same although the examination structures differ. We 
also believe that this is more than a book suitable for 
examination preparation; it continues to be a practi- 
cal guide for all anaesthetists and other healthcare 
professionals involved in the care of patients in the 
perioperative period. 


A.R. AITKENHEAD, NOTTINGHAM 
I.K. MOPPETT, NOTTINGHAM 
J.P. THOMPSON, LEICESTER 


Intentionally left as blank 


LIST OF CONTRIBUTORS 


ALAN R. AITKENHEAD BSC MD FRCA 
Emeritus Professor of Anaesthesia 
Division of Anaesthesia and Intensive Care 
Queen's Medical Centre 

Nottingham, UK 


JOSEPH E. ARROWSMITH MD FRCP FRCA 
FFICM 

Consultant Anaesthetist 

Papworth Hospital 

Cambridge, UK 


NiGEL M. BEDFORTH BM BS B MED Sci FRCA 
Consultant Anaesthetist and Honorary 
Associate Professor 
Division of Anaesthesia and Intensive Care 
Queen's Medical Centre 
Nottingham, UK 


MARTIN BEED BMEDSc! BMBS FRCA 
FFICM DM 

Consultant in Anaesthesia and Intensive Care 
Nottingham University Hospitals 
Nottingham, UK 


ANDREW BODENHAM MB BS FRCA FICM 
Consultant in Anaesthesia and Intensive Care Medicine 
Leeds General Infirmary 

Leeds, UK 


DAvID G. BOGOD FRCA LLM 
Consultant Anaesthetist 

Nottingham University Hospitals NHS Trust 
Nottingham, UK 


MARGARET BONE MB CHB FRCA FFPMRCA 
Clinical Lead for Pain Management 

Consultant in Pain Medicine 

University Hospitals of Leicester NHS Trust 
Leicester, UK 


LIAM BRENNAN BSc MBBS FRCA 
Consultant Anaesthetist 
Addenbrooke’s Hospital 

Cambridge, UK 


NICHOLAS J. CHESSHIRE MB BS FRCA 
Consultant Anaesthetist 

Royal Derby Hospital 

Derby, UK 


BEVERLY J. COLLETT MBBS FRCA FFPMRCA 
Consultant in Pain Medicine 

Pain Management Service 

University Hospitals of Leicester 

Leicester General Hospital 

Leicester, UK 


LESLEY A. COLVIN MBCHB FRCA PHD 

Consultant/Reader in Anaesthesia and Pain Medicine 

Department of Anaesthesia, Critical Care and Pain 
Management 

Western General Hospital 

Edinburgh, UK 


Tim Cook BA MBBS FRCA FFICM 

Consultant in Anaesthesia and Intensive Care 
Medicine 

Royal United Hospital 

Bath, UK 


xi 


xii LIST OF CONTRIBUTORS 


DAvID M. COVENTRY MB CHB FRCA 
Consultant Anaesthetist 

Ninewells Hospital and Medical School 
Dundee, UK 


MELANIE Davies MBBS MRCP FRCA 
Consultant Anaesthetist 

Nottingham University Hospitals 
Nottingham, UK 


CHARLES D. DEAKIN MA MD FRCP FRCA 

FERC FFICM 

Honorary Professor of Resuscitation and Prehospital 
Emergency Medicine 

Consultant in Cardiac Anaesthesia and Intensive Care 

Department of Anaesthetics 

University Hospital Southampton 

Southampton, UK 


ERIC DE MELO MB CHB FRCA 
Consultant Anaesthetist 

Leicester Royal Infirmary 
Leicester, UK 


JOHN DELOUGHRY MA MB BCHIR FRCA 
Consultant Anaesthetist 

Peterborough City Hospital 

Peterborough, UK 


DAVID J.R. DUTHIE MD FRCA FFICM 
Consultant Anaesthetist 

Leeds General Infirmary 

Leeds, UK 


LORNA EYRE BSC(HONS) FRCA DICM (UK) 
Consultant in Critical Care and Anaesthesia 

St James’s University Hospital 

Leeds Teaching Hospitals NHS Trust 

Leeds, UK 


DAVID FELL MB CHB FRCA 
Consultant Anaesthetist 
Leicester Royal infirmary 
Leicester, UK 


SIMON FLOOD BMEDSc! BMBS MRCP FRCA 
DICM 

Consultant in Anaesthesia and Critical Care 

Leeds Teaching Hospitals NHS Trust 

Leeds, UK 


SATYA FRANCIS MBBS FRCA 
Consultant Anaesthetist 
Leicester Royal Infirmary 
Leicester, UK 


RICHARD GRIFFITHS MD FRCA 
Consultant Anaesthetist 
Peterborough District Hospital 
Peterborough, UK 


Tim G. HALES BSc(HONS) PHD FRCA 
Professor of Anaesthesia 

Institute of Academic Anaesthesia 

Division of Neuroscience 

Medical Research Institute 

University of Dundee 

Dundee, UK 


SALLY HANCOCK MBCHB FRCA 
Consultant Anaesthetist 
Department of Anaesthesia 
Queen's Medical Centre 
Nottingham, UK 


JONATHAN G. HARDMAN B MED SCI (Hons) 
BM BS FRCA FANZCA DM 

Professor 

Division of Anaesthesia and Intensive Care 
University of Nottingham 

Honorary Consultant Anaesthetist 

Nottingham University Hospitals NHS Trust 
Nottingham, UK 


JENNIFER M. HUNTER MB CHB PHD FRCA 
FCARCSI (HON) 

Emeritus Professor of Anaesthesia 

Department of Musculoskeletal Biology 
Institute of Ageing and Chronic Disease 
University of Liverpool 

Liverpool, UK 


HANNAH KING MBBS FRCA 

Division of Anaesthesia and Intensive Care 
Queen's Medical Centre 

Nottingham, UK 


DAVID KIRKBRIDE BMED Sci (HONS) BMBS 
FRCA 

Consultant Anaesthetist 

Leicester Royal Infirmary 

Leicester, UK 


ANDREW KLEIN MBBS FRCA FFICM 
Consultant Anaesthetist 

Papworth Hospital 

Cambridge, UK 


CHANDRA KUMAR MBBS DA FFARCS MSc 
FRCA EDRA 

Senior Consultant in Anaesthesia 

Khoo Teck Puat Hospital 

Singapore 


JEREMY A. LANGTON MD FRCA 
Consultant Anaesthetist 

Plymouth Hospitals NHS Trust 
Plymouth, UK 


ANDREW LUMB MB BS FRCA 
Consultant Anaesthetist 

St James’s University Hospital 
Leeds, UK 


PATRICK MAGEE MSc FRCA 
Consultant Anaesthetist 

Royal United Hospital 

Bath, UK 


Ravi P. MAHAJAN MD FRCA 
Professor of Anaesthesia 

Division of Anaesthesia and Intensive Care 
Queen's Medical Centre 

Nottingham, UK 


LIST OF CONTRIBUTORS xiii 


GRAEME A. MCLEOD MBCHB PGCERTMEDED 
MRCGP FRCA FFPMRCA MD 

Consultant and Reader in Anaesthesia 

Institute of Academic Anaesthesia 

Division of Neuroscience 

College of Medicine, Dentistry and Nursing 
Ninewells Hospital and Medical School 

Dundee, UK 


IAIN K. MoOPpPETT MA MRCP FRCA DM 
Associate Professor and Honorary Consultant 
Division of Anaesthesia and Intensive Care 
Queen's Medical Centre 

Nottingham, UK 


Mary C. MUSHAMBI MBCHB FRCA 
Consultant Anaesthetist 

Leicester Royal infirmary 

Leicester, UK 


MICHAEL H. NATHANSON MB BS MRCP 
FRCA 

Consultant Neuroanaesthetist 

Nottingham University Hospitals 

Queen's Medical Centre 

Nottingham, UK 


GRAHAM R. NIMMO MD FRCP EDIN FFARCSI 
FFICM 

Consultant Physician in Intensive Care Medicine 
Department of Anaesthetics 

Critical Care and Pain Medicine 

Western General Hospital 

Edinburgh, UK 


SUSAN NIMMO BSc (HONS) MBCHB (HONS) 
FRCP FRCA FFPMRCA MSc 

Department of Anaesthetics 

Critical Care and Pain Medicine 

Western General Hospital 

Edinburgh, UK 


xiv LIST OF CONTRIBUTORS 


JERRY P. NOLAN FRCA FRCP FCEM FFICM 

Consultant in Anaesthesia and Intensive Care 
Medicine 

Royal United Hospital 

Bath, UK 


NICHOLAS REYNOLDS LLM FRCA FFICM 

Consultant in Anaesthesia and Intensive Care 
Medicine 

Royal Derby Hospital 

Derby, UK 


SIMON ScoTT MA BM BCH FRCA 

Specialty Registrar and Honorary Lecturer in 
Anaesthesia and Critical Care 

University of Leicester and UHL NHS Trust 

Leicester Royal Infirmary 

Leicester, UK 


TOM SIMPSON MB BS FRCA 

Consultant in Anaesthesia and Intensive Care 
Royal United Hospital 

Bath, UK 


CHRISTOPHER P. SNOWDEN BMEDSci(HONS) 
FRCA MD 

Consultant Anaesthetist and Senior Lecturer 
Freeman Hospital 

Newcastle upon Tyne, UK 


JUSTIAAN C. SWANEVELDER MBCHB 
MMED(ANES) FRCA 

Consultant Anaesthetist 

Glenfield Hospital 

Leicester, UK 


JONATHAN P. THOMPSON BSc (HONS) MBCHB 

MD FRCA 

Senior Lecturer/Hon Consultant in Anaesthesia 
and Critical Care 

University of Leicester and UHL NHS Trust 

Leicester Royal Infirmary 

Leicester, UK 


K. ELAINE TIGHE MB CHB MRCP FRCA 
FFPMRCA 

Consultant in Anaesthesia and Pain Management 
Leicester Royal infirmary 

Leicester, UK 


GERRIE VAN DER WALT MBBS FRCA 
Division of Anaesthesia and Intensive Care 
Queen's Medical Centre 

Nottingham, UK 


CAMERON WEIR BSC(HONS) MBCHB 
FRCA PHD 

Consultant Anaesthetist 

Centre for Neuroscience 

Division of Medical Sciences 

College of Medicine, Dentistry and Nursing 
Ninewells Hospital and Medical School 
Dundee, UK 


MATTHEW WILES BMEDSCI MMEDSCI(CLIN ED) 
BM BS MRCP FRCA FFICM 

Consultant Anaesthetist 

Department of Anaesthesia 

Royal Hallamshire Hospital 

Sheffield, UK 


GARETH WILLIAMS MB BS FRCA FFICM 
Consultant in Anaesthesia and Adult Critical Care 
Leicester Royal Infirmary 

Leicester, UK 


SEAN WILLIAMSON MB CHB FRCA 
MACADMED 

Consultant Anaesthetist 

The James Cook University Hospital 
Middlesbrough, UK 


JONATHAN WILSON BSc MB CHB FRCA 
Consultant Anaesthetist 

York Hospital 

York, UK 


HOW DO DRUGS ACT? 


Drugs produce their effects on biological systems by 
several mechanisms; these include physicochemical 
action, activity at receptors and inhibition of reactions 
mediated by enzymes. 


Physicochemical Properties 


Sodium citrate is an alkali and neutralizes acid; it 
is often administered orally to reduce the likeli- 
hood of pneumonitis after regurgitation of gastric 
contents. Chelating agents (chel is the Greek word 
for a crab’s claw) combine chemically with metal 
ions, reducing their toxicity and enhancing elimi- 
nation, usually in the urine. Such drugs include 
desferrioxamine (chelates iron and aluminium), 
dicobalt edetate (cyanide toxicity), sodium calcium 
edetate (lead) and penicillamine (copper and lead). 
Stored blood contains a citrate-based anticoagulant 
which prevents clotting; this chelates calcium ions 
and may cause hypocalcaemia after massive blood 
transfusion. Phenol and alcohol denature proteins; 
they are used occasionally to produce prolonged or 
permanent nerve blockade. 


Action on Receptors 


A receptor is a complex structure on the cell mem- 
brane which can bind selectively with endogenous 
compounds or drugs, resulting in changes within the 
cell which modify its function. These include changes 
in selective ion channel permeability (e.g. acetyl- 
choline, glutamate, GABA receptors), cyclic adenosine 
monophosphate (e.g. opioid, B, a, and dopamine re- 
ceptors), cyclic guanosine monophosphate (e.g. atrial 
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natriuretic peptide receptor), inositol phosphate and 
diacylglycerol (e.g. a, angiotensin AT,, endothelin, 
histamine H, and vasopressin V, receptors) and nitric 
oxide (e.g. muscarinic M, receptor). 

A compound which binds to a receptor and 
changes intracellular function is termed an agonist. 
The classic dose-response relationship of an agonist 
is shown in Figure 1.1. As the concentration of the 
agonist increases, a maximum effect is reached as the 
receptors in the system become saturated (Fig. 1.1A). 
Conventionally, log dose is plotted against effect, re- 
sulting in a sigmoid curve which is approximately 
linear between 20 and 80% of maximum effect 
(Fig. 1.1B). Three agonists are shown in Figure 1.2. 
Agonist A produces 100% effect at a lower concen- 
tration than agonist B. Therefore, compared with A, 
agonist B is less potent but has similar efficacy. Drug 
C is termed a partial agonist as the maximum effect 
is less than that of A or B. Buprenorphine is a partial 
agonist (at the -opioid receptor), as are some of the 
B-blockers with intrinsic activity, e.g. oxprenolol, pin- 
dolol, acebutalol, celiprolol. 

Antagonists combine selectively with the receptor 
but produce no effect. They may interact with the re- 
ceptor in a competitive (reversible) or non-competitive 
(irreversible) fashion. In the presence of a competitive 
antagonist, the dose-response curve of an agonist is 
shifted to the right but the maximum effect remains 
unaltered (Fig. 1.3A). Examples of this effect include 
the displacement of morphine by naloxone and en- 
dogenous catecholamines by B-blockers. 

A non-competitive (irreversible) antagonist also 
shifts the dose-response curve to the right but, with 
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(A) The effect of an agonist peaks when all the receptors are occupied. (B) A semilog plot produces a sigmoid 


curve which is linear between 20 and 80% effect. ED,, is the dose which produces 50% of maximum effect. 
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Log dose 


FIGURE 1.2 ™ Agonist B has a similar dose-response curve 
to A but is displaced to the right. A is more potent than B 
(smaller ED,,) but has the same efficacy. C is a partial agonist 
which is less potent than A and B and less efficacious (maxi- 
mum effect 50% of A and B). 


increasing concentrations, reduces the maximum 
effect (Fig. 1.3B). For example, the œ -antagonist 
phenoxybenzamine, used in the preoperative prepara- 
tion of patients with phaeochromocytoma, has a long 
duration of action because of the formation of stable 
chemical bonds between drug and receptor. 

The relationship between drug dose and response 
is often described by a Hill plot (Fig. 1.4). A typical 
agonist such as that shown in Figure 1.1 produces a 
straight line with a slope (i.e. Hill coefficient) of +1. 


Action on Enzymes 


Drugs may act by inhibiting the action of an enzyme 
or competing for its endogenous substrate. Reversible 
inhibition is the mechanism of action of edrophonium 
(acetylcholinesterase), aminophylline (phospho- 
diesterase) and captopril (angiotensin-converting en- 
zyme). Irreversible enzyme inhibition occurs when a 
stable chemical bond is formed between drug and en- 
zyme, resulting in prolonged or permanent inactivity 
e.g. omeprazole (gastric hydrogen-potassium ATPase), 
aspirin (cyclo-oxygenase) and organophosphorus 
compounds (acetylcholinesterase). 

However, the interaction between drug and enzyme 
may be more complex than this simple classification 
implies. For example, neostigmine inhibits acetyl- 
cholinesterase in a reversible manner, but the mecha- 
nism of action is more akin to that of an irreversible 
drug because neostigmine forms covalent chemical 
bonds with the enzyme. 


THE BLOOD-BRAIN BARRIER AND 
PLACENTA 


Many drugs used in anaesthetic practice must cross 
the blood-brain barrier in order to reach their site of 
action. The brain is protected from most potentially 
toxic agents by tightly overlapping endothelial cells 
which surround the capillaries and interfere with pas- 
sive diffusion. In addition, enzyme systems are present 
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(A) The dose-response curve of an agonist is displaced to the right in the presence of a reversible antagonist. 


There is no change in maximum effect but the ED,, is increased. (B) The dose-response curve is displaced to the right also in the 
presence of an irreversible antagonist but the maximum effect is reduced. 
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in the endothelium which break down many poten- 
tial toxins. Consequently, only relatively small, highly 
lipid-soluble molecules (e.g. intravenous and volatile 
anaesthetic agents, opioids, local anaesthetics) have ac- 
cess to the central nervous system (CNS). Compared 
with most opioids, morphine takes some time to reach 
its site of action because it has a relatively low lipid 
solubility. Highly ionized drugs (e.g. muscle relaxants, 
glycopyrronium) do not cross the blood-brain barrier. 

The chemoreceptor trigger zone is situated in the 
area postrema near the base of the fourth ventricle (see 


Ch 42). It is not protected by the blood-brain barrier 
because the capillary endothelial cells are not bound 
tightly in this area and allow relatively free passage of 
large molecules. This is an important afferent limb of 
the vomiting reflex and stimulation of this area by tox- 
ins or drugs in the blood or cerebrospinal fluid often 
leads to vomiting. Many antiemetics act at this site. 

The transfer of drugs across the placenta is of con- 
siderable importance in obstetric anaesthesia (see 
Ch 35). In general, all drugs which affect the CNS cross 
the placenta and affect the fetus. Highly ionized drugs 
(e.g. muscle relaxants) pass across less readily. 


PLASMA PROTEIN BINDING 


Many drugs are bound to proteins in the plasma. This 
is important because only the unbound portion of 
the drug is available for diffusion to its site of action. 
Changes in protein binding may have significant ef- 
fects on the active unbound concentration of a drug, 
and therefore its actions. 

Albumin is the most important protein in this 
regard and is responsible mainly for the binding 
of acidic and neutral drugs. Globulins, especially 
o.,-glycoprotein, bind mainly basic drugs. If a drug is 
highly protein bound (>80%), any change in plasma 
protein concentration or displacement of the drug by 
another with similar binding properties may have clin- 
ically significant effects. For example, most NSAIDs 
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displace warfarin, phenytoin and lithium from plasma 
binding sites, leading to potential toxicity. 

Plasma albumin concentration is often decreased 
in the elderly, in neonates and in the presence of mal- 
nutrition, liver, renal or cardiac failure and malignancy. 
a -Glycoprotein concentration is decreased during 
pregnancy and in the neonate but may be increased in 
the postoperative period and other conditions such as 
infection, trauma, burns and malignancy. 


METABOLISM 


Most drugs are lipid-soluble and many are metabo- 
lized in the liver into more ionized compounds which 
are inactive pharmacologically and excreted by the kid- 
neys. However, metabolites may be active (Table 1.1). 
The liver is not the only site of metabolism. For ex- 
ample, succinylcholine and mivacurium are metabo- 
lized by plasma cholinesterase, esmolol by erythrocyte 
esterases, remifentanil by tissue esterases and, in part, 
dopamine by the kidney and prilocaine by the lungs. 
A substance is termed a prodrug if it is inactive 
in the form in which it is administered, pharmaco- 
logical effects being dependent on the formation 
of active metabolites. Examples of this are codeine 
(morphine), diamorphine (6-monoacetylmorphine, 
morphine), chloral hydrate (trichlorethanol) and 
parecoxib (valdecoxib). Midazolam is ionized and 


TABLE 1.1 


Examples of Active Metabolites 


Drug Metabolite Action 


Morphine Morphine-6-glucuronide Potent opioid 


agonist 


Diamorphine 6-Monoacetylmorphine 


Opioid agonist 


Morphine 
Meperidine Normeperidine Epileptogenic 
(pethidine) (norpethidine) 
Codeine Morphine Opioid agonist 
Diazepam Desmethyldiazepam Sedative 
Temazepam 
Oxazepam 
Tramadol O-desmethyltramadol Opioid agonist 
Parecoxib Valdecoxib COX-2 specific 


inhibitor 


dissolved in an acidic solution in the ampoule; after 
intravenous injection and exposure in the blood to 
pH7.4, the molecule becomes lipid-soluble. 

Drugs undergo two types of reactions during 
metabolism: phase I and phase II. Phase I reactions 
include reduction, oxidation and hydrolysis. Drug oxi- 
dation occurs in the smooth endoplasmic reticulum, 
primarily by the cytochrome P450 enzyme system. 
This system and other enzymes also perform reduction 
reactions. Hydrolysis is a common phase I reaction in 
the metabolism of drugs with ester groups (e.g. remi- 
fentanil, succinylcholine, atracurium, mivacurium). 
Amide drugs often undergo hydrolysis and oxidative 
N-dealkylation (e.g. lidocaine, bupivacaine). 

Phase II reactions involve conjugation of a metabo- 
lite or the drug itself with an endogenous substrate. 
Conjugation with glucuronic acid is a major metabolic 
pathway, but others include acetylation, methylation 
and conjugation with sulphate or glycine. 


Enzyme Induction and Inhibition 


Some drugs may enhance the activity of enzymes respon- 
sible for drug metabolism, particularly the cytochrome 
P450 enzymes and glucuronyl transferase. Such drugs 
include phenytoin, carbamazepine, phenylbutazone, 
barbiturates, ethanol, steroids and some inhalational an- 
aesthetic agents (halothane, enflurane). Cigarette smok- 
ing also induces cytochrome P450 enzymes. 

Drugs with mechanisms of action other than on 
enzymes may also interfere significantly with enzyme 
systems. For example, etomidate inhibits the synthe- 
sis of cortisol and aldosterone — an effect which may 
explain the increased mortality in critically ill patients 
which occurred when it was used as a sedative in in- 
tensive care. Cimetidine is a potent enzyme inhibitor 
and may prolong the elimination of drugs such as di- 
azepam, propranolol, oral anticoagulants, phenytoin 
and lidocaine. Troublesome interactions with enzyme 
systems are less of a problem with new drugs; if sig- 
nificant enzyme interaction is discovered in the early 
stages of development, the drug is usually abandoned. 


DRUG EXCRETION 


Ionized compounds with a low molecular weight 
(MW) are excreted mainly by the kidneys. Most drugs 
and metabolites diffuse passively into the proximal 


renal tubules by the process of glomerular filtra- 
tion, but some are secreted actively (e.g. penicillins, 
aspirin, many diuretics, morphine, lidocaine and 
glucuronides). Ionization is a significant barrier to 
reabsorption at the distal tubule. Consequently, basic 
drugs or metabolites are excreted more efficiently in 
acid urine and acidic compounds in alkaline urine. 

Some drugs and metabolites, particularly those with 
larger molecules (MW >400 D), are excreted in the 
bile (e.g. glycopyrronium, vecuronium, pancuronium 
and the metabolites of morphine and buprenorphine). 
Ventilation is responsible for excretion of volatile an- 
aesthetic agents. 


PHARMACOKINETIC PRINCIPLES 


Pharmacokinetics is the study of what happens to 
drugs after they have been administered. In contrast, 
pharmacodynamics is concerned with their effects 
on biological systems. An understanding of the basic 
principles of pharmacokinetics is an important aid to 
the safe use of drugs in anaesthesia, pain management 
and intensive care medicine. Pharmacokinetics is an 
attempt to fit observed changes in plasma concentra- 
tion of drugs into mathematical equations which may 
then be used to predict concentrations under various 
circumstances. 

Derived values describing volume of distribution 
(V), clearance (Cl) and half-life (¢,,.) give an indica- 
tion of the likely properties of a drug. However, even 
in healthy individuals of the same sex, weight and age, 
there is significant variability which makes precise pre- 
diction very difficult. It is important to remember that 
the accepted pharmacokinetic values of drugs are usu- 
ally the mean of a wide range of observations. 


Volume of Distribution 


Volume of distribution is a good example of the ab- 
stract nature of pharmacokinetics; it is not a real 
volume but merely a concept which helps us to under- 
stand what we observe. Nevertheless, it is a very useful 
notion which enables us to predict certain properties 
of a drug and also calculate other pharmacokinetic 
values. 

Imagine that a patient receiving an intravenous dose 
of an anaesthetic induction agent is a bucket of water 
and that the drug is distributed evenly throughout the 
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water immediately after injection. The volume of wa- 
ter represents the initial volume of distribution (V). It 
may be calculated easily: 


dose 
ea (1) 
V 
where C, is the initial concentration. Therefore: 


dose (2) 


A more accurate measurement of V is possible dur- 
ing constant rate infusion when the distribution of 
the drug in the tissues has time to equilibrate; this is 
termed volume of distribution at steady state (V_). 

Drugs which remain in the plasma and do not pass 
easily to other tissues have a small V and therefore a 
large C,. Relatively ionized drugs (e.g. muscle relaxants) 
or drugs highly bound to plasma proteins (e.g. NSAIDs) 
often have a small V. Drugs with a large V are often 
lipid-soluble and therefore penetrate and accumulate in 
tissues outside the plasma (e.g. intravenous induction 
agents). Some drugs accumulate outside the plasma, 
making values for V greater than total body volume 
(a reminder of the abstract nature of pharmacokinet- 
ics). Large V values are often observed for drugs highly 
bound to proteins outside plasma (e.g. local anaesthet- 
ics, digoxin). 

Several factors may affect V and therefore C, on bo- 
lus injection of a drug. Patients who are dehydrated, or 
have lost blood, have a significantly greater plasma C, 
after a normal dose of intravenous induction agent, in- 
creasing the likelihood of severe side-effects, especially 
hypotension. Neonates have a proportionally greater 
volume of extracellular fluid compared with adults, 
and water-soluble drugs (e.g. muscle relaxants) tend 
to have a proportionally greater V. Factors affecting 
plasma protein binding (see above) may also affect V. 

Finally, V can give some indication as to the half-life. 
A large Vis often associated with a relatively slow decline 
in plasma concentration; this relationship is expressed 
below in a useful pharmacokinetic equation (eqn 4). 


Clearance 


Clearance is defined as the volume of blood or plasma 
from which the drug is removed completely in unit 
time. Drugs may be eliminated from the blood by the 
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liver, kidney or occasionally other routes (see above). 
The relative proportion of hepatic and renal clear- 
ance of a drug is important. Most drugs used in an- 
aesthetic practice are cleared predominantly by the 
liver, but some rely on renal or non-organ-dependent 
clearance. Excessive accumulation of a drug occurs in 
patients in renal failure if its renal clearance is signifi- 
cant. For example, morphine is metabolized primar- 
ily in the liver and this is not affected significantly in 
renal impairment. However, the active metabolite 
morphine-6-glucuronide is excreted predominantly 
by the kidney. This accumulates in renal insufficiency 
and is responsible for increased morphine sensitivity 
in these patients. 

As with volume of distribution, clearance may sug- 
gest likely properties of a drug. For example, if clear- 
ance is greater than hepatic blood flow, factors other 
than hepatic metabolism must account for its total 
clearance. Values greater than cardiac output may in- 
dicate metabolism in the plasma (e.g. succinylcholine) 
or other tissues (e.g. remifentanil). Clearance is an 
important (but not the only) factor affecting t,,, and 
steady-state plasma concentrations achieved during 
constant rate infusions (see below). 


Elimination Half-Life 


Methods of administration of a drug are influenced 
considerably by its plasma f,,,, as this often reflects dur- 
ation of action. It is important to remember that t, is 
influenced not only by clearance (Cl) but also by V: 


V 


iS cl (3) 


t 


or 


y 
t, = constant x — 
Cl 


The constant in this equation (elimination rate 
constant) is the natural logarithm of 2 (In 2) i.e. 0.693. 
Therefore: 


V 
t, = 0.693 x a (4) 


Half-life often reflects duration of action but not if 
the drug acts irreversibly (e.g. some NSAIDs, omepra- 
zole, phenoxybenzamine) or if active metabolites are 
formed (Table 1.1). 


So far, we have considered metabolic or elimination b 
only. The initial decrease in plasma concentrations after 
administration of many drugs, especially if given intra- 
venously, occurs primarily because of redistribution into 
tissues. Therefore, the simple relationship between elimi- 
nation ¢,,, and duration of action does not apply in many 
situations (see below, “Two-Compartment Models’). 


Calculating t, ,, Vand Clearance 


It is a simple exercise to calculate these values for a 
drug after intravenous bolus administration. A known 
dose is given and regular blood samples are taken for 
plasma concentration measurements. In this exam- 
ple, we assume that the drug remains in the plasma 
and is removed only by metabolism; this is a called a 
one-compartment model. After achieving C,, plasma 
concentration (C,) declines in a simple exponential 
manner as shown in Figure 1.5A. If the natural logs 
of the concentrations are plotted against time (semilog 
plot), a straight line is produced (Figure 1.5B). The 
gradient of this line is the elimination rate constant k, 
which is related to t,,, in the following equation: 


_ In2 
t 


k (5) 


1/2 


We may calculate V using equation (2) and then 
clearance from equation (4). C, may be predicted at 
any time from the following equation: 


C=Ce* (6) 


where t is the time after administration. 
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FIGURE 1.5 = (A) Exponential decline in plasma drug con- 


centration (C,) in a one-compartment model. The equation 
predicts C, at any time (t). (B) Semilog plot enables easy cal- 
culation of t,,,. Extrapolation of this line enables C, and AUC, 
to be derived easily. 


Clearance may be derived also by calculation of the 
area under the concentration-time curve extrapolated 
to infinity (AUC) and substitution in the following 
equation: 


_ dose (7) 


Cl= 
AUC, 


Two-Compartment Models 


The body is not, of course, a single homogeneous 
compartment; drug plasma concentrations are the re- 
sult of elimination by metabolism and redistribution 
to and from tissues such as brain, heart, liver, muscles 
and fat. The mathematics describing this real situa- 
tion are extremely complex. However, plasma con- 
centrations of many drugs behave approximately as if 
they were distributed in two or three compartments. 
Applying these mathematical models is a reasonable 
compromise. 

Let us consider a two-compartment model; one 
compartment may be thought of as representing the 
plasma and the other, the remainder of the body. 
When an intravenous bolus is injected into this 
system, C, decreases because of an exponential decay 
resulting from elimination and another exponential 
decay resulting from redistribution into the tissues. 
Therefore, when C, is plotted against time, the curve 
may be described by a biexponential equation. If plot- 
ted on a semilogarithmic plot (Fig. 1.6), two straight 
lines can be identified and derived. Their gradients are 
the elimination rate constants dependent on elimina- 
tion (B) and redistribution («). 

Redistribution kinetics are not only of theoretical 
interest, because it is often the decline in C, resulting 
from redistribution which is responsible for the ces- 
sation of an observed effect of a drug; intravenous 
induction agents and initial doses of intravenous fen- 
tanyl are good examples of this. Patients wake up after 
a bolus administration of propofol because of redistri- 
bution, not metabolism. 

Calculating the separate pharmacokinetic values is 
easy; one curve is simply subtracted from the other. 
Consider Figure 1.6 in which natural log concentration 
is plotted against time and two slopes are seen. The sec- 
ond and less steep slope represents decline in plasma 
concentration caused by elimination of the drug by 


metabolism. From this, the elimination half-life (tf, 
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Natural log (In) concentration 


Time 


FIGURE 1.6 ™ Semilog plot of a two-compartment model: 
a@=rate constant for exponential decay resulting from redistri- 
bution; B=rate constant for exponential decay resulting from 
elimination. 


may be calculated. In order to calculate the half-life of 
the redistribution phase (¢,",), the elimination slope is 
extrapolated back to time 0. If data on this imaginary 
part of the elimination slope are subtracted from those 
on the real line above it, another imaginary line may be 
constructed which represents that part of the decline 
in plasma concentration which is the result of redistri- 
bution. From this line, the redistribution half-life (t9) 
may be calculated. 

The equation for C, at any time in a two- 


compartment model after bolus intravenous 
administration is therefore: 
Cp = Ae + Be™ (8) 


where a and 6 are the redistribution and elimination 
rate constants, respectively, and A and B are values de- 
rived by back extrapolation of the redistribution and 
elimination slopes to the y-axis. 

Some drugs, e.g. propofol, are best fitted to a triexpo- 
nential, three-compartment model which reveals half- 
lives for two processes of redistribution (conventionally 
to and tt) and one for elimination (tY). Equations de- 
veloped from these basic concepts are contained in the 
software of target-controlled infusion pumps. 
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Fentanyl 
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Remifentanil 


Plasma ty, on stopping infusion 


Duration of infusion 


FIGURE 1.7 ™ Context-sensitive half-life. The time for plasma 
concentration to decline by 50% increases with duration of infu- 
sion for alfentanil and fentanyl. This is not the case for remifentanil. 


Context-Sensitive Half-Life 


This concept refers to plasma half-life (time for plasma 
concentration to decline by 50%) after an intravenous 
drug infusion is stopped; ‘context’ refers to the dura- 
tion of infusion. The amount of drug accumulating 
in body tissues increases with duration of infusion for 
most drugs. Consequently, on stopping the infusion, 
time for the plasma concentration to decline by 50% 
depends on duration of infusion. The longer the infu- 
sion, the more drug accumulates and the longer the 
plasma half-life becomes, because there is more drug 
to enter the plasma on stopping the infusion. 

Figure 1.7 shows the effect of infusion duration on 
the half-lives of alfentanil, fentanyl and remifentanil. 
Alfentanil, and especially fentanyl, accumulate dur- 
ing infusion, causing an increase in context-sensitive 
half-life as the duration of infusion increases. In other 
words, time to recovery from alfentanil- or fentanyl- 
based anaesthesia depends on duration of infusion. 
Remifentanil is metabolized by tissue esterases and 
does not accumulate. Therefore, time for plasma con- 
centration of remifentanil to decline by 50% is inde- 
pendent of duration of infusion, i.e. recovery times 
after remifentanil-based anaesthesia are short and pre- 
dictable, no matter how long the infusion has run. 


PHARMACOGENETICS 


Pharmacogenetics refers to genetic differences in met- 
abolic pathways which can affect individual responses 
to drugs, both in terms of therapeutic effect as well as 


adverse effects. Pharmacogenetics is a rising concern 
in clinical oncology, because the therapeutic window 
of most anticancer drugs is narrow and patients with 
impaired ability to detoxify drugs may undergo life- 
threatening toxicities. 

The first observations of genetic variation in drug 
response date from the 1950s, involving the muscle 
relaxant (succinylcholine [suxamethonium]). Up to 
4% of patients have a less efficient variant of the en- 
zyme butyrylcholinesterase (plasma cholinesterase), 
which metabolizes succinylcholine chloride. As a con- 
sequence, the drug’s effect is prolonged to varying de- 
grees (depending on the nature of the abnormal gene 
and whether the individual is homozygous or hetero- 
zygous), with slower recovery from paralysis (see Ch 6). 

Variation in the N-acetyltransferase gene divides 
people into ‘slow acetylators’ and ‘fast acetylators, with 
very different half-lives and blood concentrations of 
drugs such as isoniazid and procainamide. 

As part of the inborn system for clearing the body 
of xenobiotics, the cytochrome P450 oxidases (CYPs) 
are heavily involved in drug metabolism, and genetic 
variations in CYPs affect large populations. One mem- 
ber of the CYP superfamily, CYP2D6, now has over 
75 known allelic variations, some of which lead to no 
activity, and some to enhanced activity. An estimated 
29% of people in some parts of the world may have 
multiple copies of the gene, and therefore may not be 
treated adequately with standard doses of drugs such 
as codeine (which is activated by the enzyme). 


METHODS OF DRUG 
ADMINISTRATION 


Oral 


The oral route of drug administration is important in 
modern anaesthetic practice (e.g. premedication, post- 
operative analgesia). It is often necessary also to con- 
tinue concurrent medication during the perioperative 
period (e.g. antihypertension therapy, anti-anginal 
medication). It is therefore important to appreciate 
the factors involved in the absorption of orally admin- 
istered drugs. 

The formulation of tablets or capsules is very pre- 
cise, as their consistent dissolution is necessary before 
absorption can take place. The rate of absorption, 
and therefore effect of the drug, may be influenced 


significantly by this factor. Most preparations dissolve 
in the acidic gastric juices and the intact drug is ab- 
sorbed in the upper intestine. However, some drugs 
are broken down by acids (e.g. omeprazole, benzyl- 
penicillin) or are irritant to the stomach (e.g. aspirin, 
phenylbutazone) and may be given as enteric-coated 
preparations. Drugs given in solution are often ab- 
sorbed more rapidly but this may induce nausea or 
vomiting immediately after anaesthesia. Some drugs 
used in anaesthetic practice are available in slow-release 
preparations (e.g. morphine, oxycontin, tramadol). 


Gastric Emptying 

Most drugs are absorbed only when they have left the 
stomach; therefore, if gastric emptying is delayed, ab- 
sorption is affected. Furthermore, if oral medication is 
given continuously during periods of impaired empty- 
ing, it may accumulate in the stomach, only to be de- 
livered to the small intestine en masse when gastric 
function returns, resulting in overdose. Many factors 
influence the rate of gastric emptying and these are de- 
scribed in Chapter 42. 

Any factor increasing upper intestinal motility 
(e.g. metoclopramide) reduces the time available for 
absorption and may reduce the total amount of drug 
absorbed. 


First-Pass Effect 


Before entering the systemic circulation, a drug must 
pass through the portal circulation and, if metabolized 
extensively by the liver or even the gut wall, absorp- 
tion may be reduced significantly (i.e. first-pass effect). 
For example, compared with intramuscular admin- 
istration, significantly larger doses of oral morphine 
are required for the same effect. In fact, most opioids, 
except methadone, are susceptible to significant first- 
pass metabolism. 


Bioavailability 


Bioavailability is the percentage of the oral dose of a 
drug which is absorbed into the systemic circulation. 
It is calculated by giving the same individual, on two 
separate occasions, the same dose of a drug orally and 
intravenously. The resulting plasma drug concentra- 
tions are plotted against time and the area under the 
curve after oral administration is compared with that 
after intravenous administration. 
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Lingual and Buccal 


This is a useful method of administration if a drug is 
lipid-soluble and crosses the oral mucosa with relative 
ease. First-pass metabolism is avoided. Glyceryl tri- 
nitrate and buprenorphine are available as sublingual 
tablets and morphine as a buccal preparation. 


Intramuscular 


Intramuscular administration is still used occasionally 
in the perioperative period. It may avoid the problems 
associated with large initial plasma concentrations 
after rapid intravenous administration, is devoid of 
first-pass effects and may be administered relatively 
easily. However, absorption may be unpredictable, 
some preparations are particularly painful and irritant 
(e.g. diclofenac) and complications include damage to 
nervous and vascular tissue and inadvertent intrave- 
nous injection. It is disliked intensely by most adults 
and nearly all children. 

Variations in absorption may be clinically relevant. 
For example, peak plasma concentrations of mor- 
phine may occur at any time from 5 to 60 min after 
intramuscular administration, an important factor in 
the failure of this method to produce good reliable an- 
algesia (see Ch 41). 


Subcutaneous 


Absorption is very susceptible to changes in skin per- 
fusion, and tissue irritation may be a significant prob- 
lem. However, this method is used in many centres 
for providing postoperative pain relief, particularly in 
children or after intermediate surgery, and has the ad- 
vantage that potentially difficult intravenous access is 
not required. A small cannula is placed subcutaneously 
during anaesthesia and can be replaced, if necessary, 
with relative ease. Even patient-controlled analgesia 
(PCA) has been used effectively by this route. 


Intravenous 
Bolus 


The majority of drugs used in anaesthetic practice 
are given intravenously as boluses and the pharmaco- 
kinetics are described in some detail above. The major 
disadvantage of this method is that dangerously high 
drug concentrations may occur readily, particularly 
with drugs of narrow therapeutic index and large 
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interpatient pharmacodynamic and pharmacokinetic 
variations (i.e. most drugs used in anaesthetic prac- 
tice). Therefore, it is an important general rule that 
all drugs administered intravenously should be given 
slowly. Manufacturers’ recommendations in this re- 
gard are often surprising; for example, a 10 mg dose of 
metoclopramide should be given over 1-2 min. 

Only two factors have a major influence on the 
plasma concentrations achieved during a bolus intra- 
venous injection: speed of injection and cardiac 
output. Therefore, an elderly, sick or hypovolaemic pa- 
tient undergoing intravenous induction of anaesthesia 
is likely to suffer significant side-effects if the drug is 
given at the same rate as would be used in a normal, 
healthy young adult. 


Infusion 


Drugs may be given by constant-rate infusion, a method 
used frequently for propofol, neuromuscular blocking 
agents, opioids and many other drugs. Plasma concen- 
trations achieved during infusions may be described 
by a simple wash-in exponential curve (Fig. 1.8). The 
only factor influencing time to reach steady-state con- 
centration is ¢,,,. Maximum concentration is achieved 
after approximately 4-5 half-lives. Therefore, this 
method of administration is best suited to drugs with 
short half-lives, such as remifentanil, glyceryl trinitrate, 
Adrenaline and dopamine. However, in practice, it 
is often used for drugs such as morphine. Assuming a 
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FIGURE 1.8 Plasma concentrations during a constant- 


rate intravenous infusion against time expressed as multiples 
of t C=concentration at steady state, Cl=clearance. 


morphine t, of 4h, it will be about 20h before steady- 
state concentration is reached (although an effective 
concentration can be achieved by initial bolus doses 
or a more rapid infusion). Therefore, vigilant observa- 
tion is required with this method of delivery, especially 
if active metabolites are involved — in this example, 
morphine-6-glucuronide. 

There is a simple equation describing the concen- 
tration achieved at steady state during a constant-rate 
infusion; this is based on the principle that, at steady 
state, the amount of drug cleared from the plasma is 
equal to that delivered: 


Rate of infusion = Cl x C,, (9) 


where C is the concentration at steady state. 

Many pathological conditions reduce drug clear- 
ance and may therefore result in unexpectedly large 
plasma concentrations during infusions. Half-life does 
not influence C, only how quickly it is achieved. 


Patient-Controlled Analgesia (PCA) 


The use of PCA for the treatment of postoperative pain 
has become widespread and is described in detail in 
Chapter 41. The patient titrates opioid delivery to re- 
quirements by pressing a button on a PCA device which 
results in the delivery of a small bolus dose. A lockout 
time is set which does not allow another bolus to be de- 
livered until the previous dose has had time to have an 
effect. There is an enormous interpatient variability in 
opioid requirement after surgery; effective and closely 
monitored PCA is able to cope with this. 


Rectal 


This technique reduces the problems of first-pass me- 
tabolism and the need for injections. It is used in chil- 
dren and adults (paracetamol, diclofenac, ibuprofen) 
for postoperative analgesia. However, the proportion 
of drug absorbed is very variable. 


Transdermal 


Drugs with a high lipid solubility and potency may 
be given transdermally. The pharmacological prop- 
erties of glyceryl trinitrate render it ideal for this 
technique (i.e. potent, highly lipid-soluble, short 
half-life). Transdermal hyoscine is used for travel and 
other causes of sickness. Fentanyl patches can be very 


effective, particularly in patients with cancer pain. 
Buprenorphine and lidocaine transdermal delivery 
systems are also available. The latter is used for post- 
herpetic neuralgia which has not responded to more 
conventional techniques. 

It may take some time before a steady-state plasma 
concentration is achieved and many devices incor- 
porate large amounts of drug in the adhesive layer in 
order to provide a loading dose which reduces this 
period. At steady state, transdermal delivery has sev- 
eral similarities to intravenous infusion. However, on 
removing the adhesive patch, plasma concentrations 
may decline relatively slowly because of a depot of 
drug in the surrounding skin; this occurs with trans- 
dermal fentanyl systems. 


Inhalation 


The delivery of inhaled volatile anaesthetics is dis- 
cussed below, but other drugs may be given by 
this route, especially bronchodilators and steroids. 
Atropine and Adrenaline are absorbed if injected into 
the bronchial tree and this offers a route of adminis- 
tration in emergencies if no other method of delivery 
is possible. Opioids such as fentanyl and diamorphine 
have been given as nebulized solutions but this tech- 
nique is not routine. 


Epidural 

This is a common route of administration in anaes- 
thetic practice. The epidural space is very vascular 
and significant amounts of drug may be absorbed 
systemically, even if any vessels are avoided by the 
needle or cannula. Opioids diffuse across the dura 
to act on spinal opioid receptors, but much of 
their action when given epidurally is the result of 
systemic absorption. Complications include hae- 
matoma and infection, inadvertent dural puncture 
with consequent headache or spinal administration 
of the drug. 


Spinal (Subarachnoid) 


When given spinally, drugs have free access to the 
neural tissue of the spinal cord and small doses have 
profound, rapid effects, an advantage and also a dis- 
advantage of the method. Protein binding is not a sig- 
nificant factor because CSF protein concentration is 
relatively low. 
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DRUG INTERACTIONS 


There are three basic types of drug interaction; exam- 
ples are listed in Table 1.2. 


Pharmaceutical 


In this type of interaction, drugs mixed in the same 
syringe or infusion bag react chemically with adverse 
results. For example, mixing succinylcholine with thio- 
pental (pH 10-11) hydrolyses the former, rendering it 
inactive. Before mixing drugs, data should be sought 
on their compatibility. 


Pharmacokinetic 


Absorption of a drug, particularly if given orally, may 
be affected by other drugs because of their action on 
gastric emptying (see above). Interference with protein 


TABLE 1.2 


Examples of Drug Interactions in Anaesthesia 


Type 


Drugs 


Effect 


Pharmaceutical 


Thiopental: 
succinylcholine 


Hydrolysis of 
succinylcholine 


Ampicillin: Reduced potency 

glucose, lactate 

Blood: dextrans Rouleaux 
formation 
Cross-matching 
difficulties 

Plastic: glyceryl Adsorption to 

trinitrate plastic 

Sevoflurane: soda Compound A 

lime 

Pharmacokinetic Opioids: most Delayed oral 
drugs absorption 


Warfarin: NSAIDs 
Barbiturates: 
warfarin 
Neostigmine: 
succinylcholine 


+ Free warfarin 
t+ Warfarin 
metabolism 

Į Succinylcholine 
metabolism 


Pharmacodynamic 


Volatiles: opioids 
Volatiles: 
benzodiazepines 
Volatiles: N,O 
Volatiles: muscle 
relaxants 
Morphine: 
naloxone 

Muscle relaxants: 
neostigmine 


| MAC 
{ MAC 


| MAC 
t Relaxation 


Reversal (receptor 
antagonism) 
t Relaxation 
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binding (see above) is a common cause of drug inter- 
action. We have discussed drug metabolism in some 
detail and there are many potential sites in this process 
where interactions can occur (e.g. competition for en- 
zyme systems, enzyme inhibition or induction). 


Pharmacodynamic 


This is the most frequent type of interaction in an- 
aesthetic practice. A typical anaesthetic is a series of 
pharmacodynamic interactions. These may be adverse 
(e.g. increased respiratory depression with opioids and 
volatile agents) or advantageous (e.g. reversal of mus- 
cle relaxation with neostigmine). An understanding 
of the many subtle pharmacodynamic interactions in 
modern anaesthesia accounts for much of the differ- 
ence in the quality of anaesthesia and recovery associ- 
ated with the experienced compared with the novice 
anaesthetist. 


VOLATILE ANAESTHETIC AGENTS 


Mechanism of Action 


The exact mechanism of action of volatile anaesthetic 
agents is at present unknown. Potency is, in general, 
related to lipid solubility (Meyer-Overton relation- 
ship, Table 1.3) and this has given rise to the concept 
of volatile agents dissolving in the lipid cell membrane 
in a non-specific manner, disrupting membrane func- 
tion and thereby influencing the function of proteins, 
e.g. ion channels. However, it is now appreciated that 
volatile agents affect neuronal function as a conse- 
quence of binding to specific protein sites (e.g. GABA, 
receptor). 


TABLE 1.3 


MAC in Oxygen and Lipid Solubility 
(Expressed as Oil/Gas Solubility Coefficient) 


Potency 


The potency of volatile agents is defined in terms of 
minimum alveolar concentration (MAC). MAC is the 
alveolar concentration of a volatile agent which pro- 
duces no movement in 50% of spontaneously breath- 
ing patients after skin incision. MAC is inversely 
related to lipid solubility (Table 1.3). 


Onset of Action 


When considering onset of action of volatile agents, 
there is a fundamental difference compared with in- 
travenous agents. Effects of non-volatile drugs are 
related to plasma or tissue concentrations; this is not 
so with volatile agents. Partial pressure of the volatile 
agent is important, not concentration. If a volatile 
agent is highly soluble in blood, partial pressure in- 
creases slowly because large amounts dissolve in the 
blood. Consequently, onset of anaesthesia is slow with 
agents soluble in blood and rapid with agents which 
are relatively insoluble. The same applies to recovery 
from anaesthesia. Table 1.4 lists the most commonly 
used inhaled agents (in order of speed of onset) and 
their relative blood/gas solubilities. 

Alveolar partial pressure (P,) is assumed to be equiv- 
alent to cerebral artery partial pressure and therefore 
depth of anaesthesia. At a fixed inspired partial pres- 
sure (P), the rate at which P, approaches P, is related 
to speed of onset of effect (Fig. 1.9). This is rapid with 
agents of low blood solubility (e.g. sevoflurane) and rel- 
atively slow with more soluble agents (e.g. halothane). 

Clearly, solubility of the agent in blood is a ma- 
jor determinant of the speed of onset of anaesthesia, 
but other factors can have significant effects. The rate 
of delivery of the agent to the alveoli is important; 


TABLE 1.4 


Solubility of Inhaled Anaesthetic Agents in 
Blood (Expressed as Blood/Gas Solubility 
Coefficients) 


Agent MAC (%) in O, Oil/Gas Solubility Agent Blood/Gas Solubility Coefficient 
N,O 104 1.4 Desflurane 0.42 

Desflurane 6.0 18.7 N,O 0.47 

Sevoflurane 1.8 47 Sevoflurane 0.68 

Isoflurane 1.17 98 Isoflurane 1.4 

Halothane 0.75 220 Halothane 2.3 


1.0 N20 


Desflurane 


Sevoflurane 


Z Isoflurane 
Ù 


Halothane 


10 20 
Time (min) 


FIGURE 1.9 ™ The rate at which P, reaches P is related to 
the speed of induction of anaesthesia. Agents insoluble in 
blood equilibrate more rapidly. 


VOLATILE ANAESTHETIC AGENTS 13 


therefore increasing P, by adjusting the vaporizer (a 
factor limited with some agents by irritant effects on 
the airway in spontaneously breathing patients), re- 
ducing apparatus dead space and increasing alveolar 
ventilation increase speed of induction of anaesthesia. 
If cardiac output is reduced, relatively less agent is re- 
moved from the alveolus and P, increases towards P, 
more rapidly. Consequently, induction of anaesthesia 
is more rapid in patients with reduced cardiac output. 
Both rate of delivery and cardiac output have particu- 
larly significant effects with agents that are relatively 
soluble in blood but less so with insoluble agents. 

Ventilation/perfusion mismatch may reduce the 
speed of induction, an effect more significant in agents 
of low solubility. For example, if one lung is collapsed 
(i.e. perfused but not ventilated) increasing ventilation 
or inspired concentration of agents such as halothane 
helps to compensate. However, this is not the case for 
agents such as sevoflurane. 


FURTHER READING 


Calvey, N., Williams, N., 2008. Principles and practice of pharma- 
cology for anaesthetists, fifth ed. Wiley-Blackwell, Oxford. 


AGENTS 


V olatile and gaseous anaesthetic agents are used 
widely for maintenance of anaesthesia and, under some 
circumstances, for induction of anaesthesia. In many 
situations, it is appropriate to use a mixture of 66% N,O 
in oxygen and a small concentration of a volatile agent 
to maintain anaesthesia, although for reasons discussed 
below there are occasions when an anaesthetist might 
wish actively to avoid the use of nitrous oxide. 


PROPERTIES OF THE IDEAL 
INHALATIONAL ANAESTHETIC 
AGENT 


m It should have a pleasant odour, be non-irritant 
to the respiratory tract and allow pleasant and 
rapid induction of anaesthesia. 

= It should possess a low blood/gas solubility, 
which permits rapid induction of and rapid re- 
covery from anaesthesia. 

= It should be chemically stable in storage and 
should not interact with the material of anaes- 
thetic circuits or with soda lime. 

= It should be neither flammable nor explosive. 

= It should be capable of producing unconscious- 
ness with analgesia and preferably some degree 
of muscle relaxation. 

= It should be sufficiently potent to allow the use 
of high inspired oxygen concentrations when 
necessary. 

m It should not be metabolized in the body, be non- 
toxic and not provoke allergic reactions. 

= It should produce minimal depression of the car- 
diovascular and respiratory systems and should not 
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interact with other drugs used commonly during 
anaesthesia, e.g. pressor agents or catecholamines. 

= It should be completely inert and eliminated 
completely and rapidly in an unchanged form 
via the lungs. 

= It should be easy to administer using standard 
vaporizers. 

= It should not be epileptogenic or raise intra- 
cranial pressure. 


None of the inhalational anaesthetic agents approa- 
ches the standards required of the ideal agent. 


Minimum Alveolar Concentration (MAC) 


MAC is the minimum alveolar concentration (in vol- 
umes per cent) ofan anaesthetic at 1 atmosphere absolute 
(ata) which prevents movement to a standard surgical 
stimulus in 50% of the population. Anaesthesia is related 
to the partial pressure of an inhalational agent in the 
brain rather than its percentage concentration in alveoli, 
but the term MAC has gained widespread acceptance as 
an index of anaesthetic potency because it can be mea- 
sured. It may be applied to all inhalational anaesthetics 
and it permits comparison of different agents. However, 
it represents only one point on a dose-response curve; 
1 MAC of one agent is equivalent in anaesthetic potency 
to 1 MAC of another, but it does not follow that the agents 
are equipotent at 2 MAC. Nevertheless, in general terms, 
0.5 MAC of one agent in combination with 0.5 MAC of 
another approximates to 1 MAC in total. 

The MAC values for the anaesthetic agents quoted in 
Table 2.1 were determined experimentally in humans 
(volunteers) breathing a mixture of the agent in oxygen. 
MAC values vary under the following circumstances: 
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TABLE 2.1 


Comparison of Modern Volatile Anaesthetic Agents 


Halothane Enflurane Isoflurane Desflurane Sevoflurane 
Molecular weight (Da) 197 184.5 184.5 168 200 
Boiling point (°C) 50 56 49 23:5 58.5 
Blood/gas partition coefficient 2.5 1.9 1.4 0.42 0.68 
Oil/gas partition coefficient 224 98 98 18.7 47 
MAC (in oxygen) % 0.75 1.68 1.15 6.0 1.7=2.0 
Preservative Thymol None None None None 
Stability in CO, absorbers ?Unstable Stable Stable Stable Unstable 


Factors Which Lead to a Reduction in MAC 
m Sedative drugs such as premedication agents, 
analgesics 
m Nitrous oxide 
m Increasing age 
m Drugs which affect neurotransmitter release such 
as methyldopa, pancuronium and clonidine 
m Higher atmospheric pressure, as anaesthetic po- 
tency is related to partial pressure — e.g. MAC for 
sevoflurane is 2.0% (2.03 kPa) at a pressure of 
1 ata, but 1.0% (still 2.03 kPa) at 2 ata 
Hypotension 
Hypothermia 
Myxoedema 
Pregnancy. 


Factors Which Increase MAC 
m Decreasing age 


m Pyrexia 
m Induced sympathoadrenal stimulation, e.g. 
hypercapnia 


m The presence of ephedrine, or amphetamine 
m Thyrotoxicosis 
m Chronic alcohol ingestion. 


Mechanisms of Action 


General anaesthetics act by the potentiation of inhibi- 
tory neurotransmitter pathways in the CNS, in particu- 
lar by potentiation of GABA, and glycine receptors, 
and inhibition of excitatory pathways such as NMDA. 
Both GABA, and glycine receptors are associated with 


chloride channels, and binding of the ligand allows 
entry of chloride into the neurone causing membrane 
hyperpolarization. General anaesthetics (volatile agents, 
propofol, etomidate and thiopental) bind to the B sub- 
unit of the GABA,-chloride receptor complex. Central 
nicotinic acetylcholine receptors, potassium and so- 
dium channels are also activated by clinically relevant 
concentrations of volatile anaesthetic agents. This can 
reduce presynaptic action potentials and reduce neuro- 
transmitter release, and may also contribute to their 
mechanism of action. 


Individual Anaesthetic Agents 


Physical properties of the inhalational anaesthetic 
agents are summarized in Appendix B, II. The struc- 
tural formulae of the agents discussed in this chapter 
are shown in Figure 2.1. 


AGENTS IN COMMON CLINICAL USE 


In Western countries, it is customary to use one of the 
four modern volatile anaesthetic agents — isoflurane, 
desflurane, sevoflurane or halothane — vaporized in a 
mixture of nitrous oxide in oxygen or air and oxygen. 
The use of halothane has declined because of medico- 
legal pressure relating to the very rare occurrence of 
hepatotoxicity. The use of sevoflurane has increased 
rapidly, particularly in paediatric anaesthesia because 
of its superior quality as an inhalational induction 
agent. Desflurane produces rapid recovery from anaes- 
thesia, but it is very irritant to the airway and is there- 
fore not used as an inhalational induction agent. 
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FIGURE 2.1 Structural formulae of inhalational anaes- 


thetic agents. 


The following account of these agents, with a com- 
parison of their pharmacological properties, may tend 
to exaggerate the differences between them. However, 
an equally satisfactory anaesthetic may be adminis- 
tered in the majority of patients with any of the four 
agents. 


Isoflurane 


Isoflurane (1-chloro-2,2,2-trifluoroethyl difluoro- 
methyl ether) is an isomer of enflurane and was 
synthesized in 1965. Clinical studies were under- 
taken in 1970, but because of early laboratory reports 
of carcinogenesis (which were not confirmed sub- 
sequently) it was not approved by the Food and Drug 
Administration in the United States until 1980. 


Physical Properties 


Isoflurane is a colourless, volatile liquid with a slightly 
pungent odour. It is stable and does not react with 
metal or other substances. It does not require preserva- 
tives. Isoflurane is non-flammable in clinical concen- 
trations. The MAC of isoflurane is 1.15% in oxygen 
and 0.56% in 70% nitrous oxide. 


Uptake and Distribution 


Isoflurane has a low blood/gas solubility of 1.4 
and thus alveolar concentrations equilibrate fairly 
rapidly with inspired concentrations. The alveolar 
(or arterial) partial pressure of isoflurane increases 
to 50% of the inspired partial pressure within 
4-8 min, and to 60% by 15 min (Fig. 2.2). However, 
the rate of induction is limited by the pungency 
of the vapour and in clinical practice may be no 
faster than that achieved with halothane. The inci- 
dence of coughing or breath-holding on induction 
is significantly greater with isoflurane than with 
halothane. It is not an ideal agent to use for inha- 
lational induction. The rate of recovery is slower 
than that associated with desflurane or sevoflu- 
rane, but more rapid than after administration of 
halothane (Fig. 2.3). 


Metabolism 


Approximately 0.17% of the absorbed dose is metab- 
olized. Metabolism takes place predominantly in the 
form of oxidation to produce difluoromethanol and 
trifluoroacetic acid; the former breaks down to formic 
acid and fluoride. Because of the minimal metabolism, 
only very small concentrations of serum fluoride ions 
are found, even after prolonged administration. The 
minimal metabolism renders hepatic and renal toxi- 
city most unlikely. 
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FIGURE 2.2 


Ratio of alveolar (F,) to inspired (F) fractional concentration of nitrous oxide, desflurane, sevoflurane, iso- 


flurane, enflurane and halothane in the first 30 min of anaesthesia. The plot of F,/F, expresses the rapidity with which alveolar 
concentration equilibrates with inspired concentration. It is most rapid for agents with a low blood/gas partition coefficient. 
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FIGURE 2.3 ™ Rapidity of recovery from anaesthesia is in- 


versely proportional to the solubility of the anaesthetic: the 
most rapid recovery is with the least soluble anaesthetic (des- 
flurane). The difference is amplified by duration of anaes- 
thesia. Note that the difference in time of recovery between the 
least (desflurane) and most soluble anaesthetic (halothane) is 
greater after 2h of anaesthesia than after 0.5h of anaesthesia. 


Respiratory System 


In common with other modern volatile agents, it causes 
dose-dependent depression of ventilation (Fig. 2.4); 
there is a decrease in tidal volume but an increase 


in ventilatory rate in the absence of opioid drugs. 
Isoflurane causes some respiratory irritation. This 
makes inhalational induction with isoflurane difficult. 


Cardiovascular System 


In vitro, isoflurane is a myocardial depressant, but in 
clinical use there is less depression of cardiac output 
than with halothane or enflurane (Fig. 2.5). Systemic 
hypotension occurs predominantly as a result of a 
reduction in systemic vascular resistance (Figs 2.6, 
2.7). Arrhythmias are uncommon and there is little 
sensitization of the myocardium to catecholamines 
(Fig. 2.8). 

In addition to dilating systemic arterioles, isoflurane 
causes coronary vasodilatation. In the past there has 
been some controversy regarding the safety of isoflu- 
rane in patients with coronary artery disease because 
of the possibility that the coronary steal syndrome may 
be induced; dilatation in normal coronary arteries of- 
fers a low resistance to flow and may reduce perfusion 
through stenosed neighbouring vessels. It has been 
shown that isoflurane affects small arterioles (which 
makes coronary steal a theoretical possibility), but 
this does not appear to be of any clinical significance. 
Production of myocardial ischaemia in clinical practice 
may be a result of many factors in addition to coronary 
vasodilatation, including tachycardia, hypotension, 
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Effects on PaCO, of halothane, enflurane, isoflurane, sevoflurane, desflurane and nitrous oxide at equivalent 


MAC during spontaneous ventilation by healthy volunteers. (Nitrous oxide was administered in a hyperbaric chamber.) 
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FIGURE 2.5 
output (CO) in healthy volunteers. 


increase in left ventricular end-diastolic pressure and 
reduced ventricular compliance. Attention should be 
directed to these factors before a diagnosis of isoflurane- 
induced coronary steal is considered. 


Uterus 


Isoflurane has an effect on the pregnant uterus similar 
to that of halothane. 
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Comparative effects of nitrous oxide, isoflurane, halothane, enflurane, desflurane and sevoflurane on cardiac 


Central Nervous System 


Low concentrations of isoflurane do not cause any 
change in cerebral blood flow at normocapnia. In this 
respect, the drug is superior to halothane, which causes 
cerebral vasodilatation. However, higher inspired con- 
centrations of isoflurane cause vasodilatation and in- 
crease cerebral blood flow. It does not cause seizure 
activity on the EEG. 
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FIGURE 2.6 Comparative effects of nitrous oxide, halothane, enflurane, isoflurane, sevoflurane and desflurane on systemic 
vascular resistance (SVR) in healthy volunteers. 
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FIGURE 2.7 Comparative effects of nitrous oxide, halothane, enflurane, isoflurane, sevoflurane and desflurane on mean 


arterial pressure (MAP) in healthy volunteers. 


Muscle Relaxation = muscle relaxation. 
Isoflurane causes dose-dependent depression of neuro- Its disadvantage is: 
muscular transmission with potentiation of non- = a pungent odour which makes inhalational induc- 
depolarizing neuromuscular blocking drugs. tion relatively unpleasant, particularly in children. 
In summary, the advantages of isoflurane are: 
m rapid recovery Desflurane 
m minimal biotransformation with little risk of he- Between 1959 and 1966, Terrell and his associates at 
patic or renal toxicity Ohio Medical Products synthesized more than 700 


m very low risk of arrhythmias compounds to try to produce improved inhalational 
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Cumulative plots representing dose of subcutaneous adrenaline required to produce ventricular extrasystoles in 


normocapnic patients receiving 1.25 MAC of halothane, enflurane, isoflurane, sevoflurane or desflurane. 


anaesthetic agents. Two of these products were the 
halogenated methyl ethyl ethers, isoflurane and enflu- 
rane, which became widely used. Some of the original 
700 products were re-examined many years later. Many 
were discarded for a variety of reasons. One of these (the 
653rd) was difficult to synthesize because of a potentially 
explosive step using elemental fluorine and it had a va- 
pour pressure close to 1 atmosphere. However, because 
it was predicted to have a low solubility in blood and 
hence would allow rapid recovery, it was re-examined 
with heightened interest. This product became known 
as desflurane. Desflurane was first used in humans in 
1988 and it became available for general clinical use in 
the UK in 1993. Its structure (CHF,-O-CHEF-CF,) dif- 
fers from that of isoflurane (CHF,-O-—CHCI-CF,) only 
in the substitution of fluorine for chlorine. 


Physical Properties 


It is a colourless agent, which is stored in amber- 
coloured bottles without preservative. It is not broken 
down by soda lime, light or metals. It is non-flammable. 

Desflurane has a boiling point of 23.5°C and a vapour 
pressure of 88.5 kPa (664 mmHg) at 20°C and therefore 
it cannot be used in a standard vaporizer. A special va- 
porizer (the TEC-6) has been developed which requires 
a source of electric power to heat and pressurize it. 

The MAC of desflurane is approximately 6% in 
oxygen (3% in 60% nitrous oxide). As with all volatile 


agents, its MAC is higher in children (9-10% in the 
neonate in oxygen, 7% in 60% nitrous oxide). 
It has an ethereal and pungent odour. 


Uptake and Distribution 


Desflurane has a blood/gas partition coefficient of 
0.42, almost the same as that of nitrous oxide. The 
rate of equilibration of alveolar with inspired concen- 
trations of desflurane is virtually identical to that for 
nitrous oxide (Fig. 2.2). Induction of anaesthesia is 
therefore extremely rapid in theory but limited some- 
what by its pungent nature. However, it is possible 
to alter the depth of anaesthesia very rapidly and the 
rate of recovery of anaesthesia is faster than that fol- 
lowing any other volatile anaesthetic agent (Fig. 2.3). 


Metabolism 


There is very little defluorination of desflurane, and 
after prolonged anaesthesia there is only a very small 
increase in serum and urine trifluoroacetic acid con- 
centrations. Approximately 0.02% of inhaled desflu- 
rane is metabolized in the body. 


Respiratory System 


Desflurane causes respiratory depression to a degree 
similar to that of isoflurane up to a MAC of 1.5. It in- 
creases PaCO, (Fig. 2.4) and decreases the ventilatory 
response to imposed increases in PaCO.,, It is irritant 


to the upper respiratory tract, particularly at concen- 
trations greater than 6%. It is therefore not recom- 
mended for gaseous induction of anaesthesia because 
it causes coughing, breath-holding and laryngospasm. 


Cardiovascular Effects 


Desflurane appears to have two distinct actions on 
the cardiovascular system. Firstly, its main actions 
are those which are similar to isoflurane: dose-related 
decreases in systemic vascular resistance, myocardial 
contractility and mean arterial pressure (Figs 2.5-2.7). 
Heart rate is unchanged at lower steady-state con- 
centrations, but increases with higher concentrations 
(Fig. 2.9). Addition of nitrous oxide maintains heart 
rate unchanged. Cardiac output tends to be maintained 
as with isoflurane. The second cardiovascular action 
occurs when its inspired concentration is increased 
rapidly to greater than 1 MAC. In the absence of pre- 
medicant drugs, this increases sympathetic activity, 
leading to increased heart rate and arterial pressure. 
Experimental studies in animals have not detected a 
coronary steal phenomenon. Desflurane, in common 
with isoflurane and sevoflurane, does not sensitize the 
myocardium to catecholamines (Fig. 2.8). 


Central Nervous System 


The effects of desflurane are similar to those of iso- 
flurane. It depresses the EEG in a dose-related man- 
ner. It does not cause seizure activity at any level of 
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anaesthesia, with or without hypocapnia. Desflurane 
decreases cerebrovascular resistance and increases 
intracranial pressure in a dose-related manner. In 
dogs, it increases cerebral blood flow at deep lev- 
els of anaesthesia if systemic arterial pressure is 
maintained. 


Musculoskeletal System 


Desflurane causes muscle relaxation in a dose-related 
manner. Concentrations exceeding 1 MAC produce 
fade in response to tetanic stimulation of the ul- 
nar nerve. It enhances the effect of muscle relaxants. 
Studies in susceptible swine indicate that desflurane 
may trigger malignant hyperthermia. 

Therefore, in summary, desflurane offers some ad- 
vantages over other agents: 


m it has a low blood solubility; therefore it offers 
more precise control of maintenance of anaes- 
thesia and rapid recovery. 

m it is minimally biodegradable and therefore non- 
toxic to the liver and kidney. 

m it does not cause convulsive activity on EEG. 


However, it has some significant drawbacks: 


m it cannot be used for inhalational induction be- 
cause of its irritant effects on the airway. 

m it causes tachycardia at higher concentrations. 

m it requires a special vaporizer. Although the TEC-6 
vaporizer is reasonably easy to use, it is more 


Desflurane 


Isoflurane 
Sevoflurane 


1.5 2 2.5 


MAC 


Comparative effects of isoflurane, sevoflurane and desflurane on heart rate in healthy volunteers. 
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complex than the more conventional vaporizers 
and the potential for failure may be higher. 
m it is expensive. 


Sevoflurane 


Sevoflurane (fluoromethyl-2,2,2-trifluoro-1-ethyl ether) 
was first synthesized in 1968 and its clinical use re- 
ported in 1971. The initial development was slow be- 
cause of some apparent toxic effects, which were found 
later to be caused by flawed experimental design. After 
its first use in volunteers in 1981, further work was de- 
layed again because of problems of biotransformation 
and stability with soda lime. The drug has been avail- 
able for general clinical use since 1990. 


Physical Properties 


It is non-flammable and has a pleasant smell. The 
blood/gas partition coefficient of sevoflurane is 0.69, 
which is about half that of isoflurane (1.43) and closer 
to those of desflurane (0.42) and nitrous oxide (0.44). 
The MAC value of sevoflurane in adults is between 1.7 
and 2% in oxygen and 0.66% in 60% nitrous oxide. The 
MAC, in common with other volatile agents, is higher 
in children (2.6% in oxygen and 2.0% in nitrous oxide) 
and neonates (3.3%) and it is reduced in the elderly 
(1.48%). It is stable and is stored in amber-coloured 
bottles. In the presence of water, it undergoes some 
hydrolysis and this reaction also occurs with soda lime. 


Uptake and Distribution 


Sevoflurane has a low blood/gas partition coefficient 
and therefore the rate of equilibration between alveo- 
lar and inspired concentrations is faster than that for 
halothane or isoflurane but slower than that for des- 
flurane (Fig. 2.2). It is non-irritant to the upper re- 
spiratory tract and therefore the rate of induction of 
anaesthesia should be faster than that with any of the 
other agents. 

Because of its higher partition coefficients in vessel- 
rich tissues, muscle and fat than corresponding values 
for desflurane, the rate of recovery is slower than that 
after desflurane anaesthesia (Fig. 2.3). 


Metabolism 


Approximately 5% of the absorbed dose is metabolized 
in the liver to two main metabolites. The major break- 
down product is hexafluoroisopropanol, an organic 


fluoride molecule which is excreted in the urine as a 
glucuronide conjugate. Although this molecule is po- 
tentially hepatotoxic, conjugation of hexafluoroiso- 
propanol occurs so rapidly that clinically significant 
liver damage seems theoretically impossible. The sec- 
ond breakdown product is inorganic fluoride ion. The 
mean peak fluoride ion concentration after 60min 
of anaesthesia at 1 MAC is 22 umolL~”, which is sig- 
nificantly higher than that after an equivalent dose of 
isoflurane. The metabolism of sevoflurane is catalysed 
by the 2E1 isoform of cytochrome P450 which may be 
induced by phenobarbital, isoniazid and ethanol and 
inhibited by disulfiram. 


Respiratory System 


The drug is non-irritant to the upper respiratory tract. 
It produces dose-dependent ventilatory depression, re- 
duces respiratory drive in response to hypoxaemia and 
increases carbon dioxide partial pressure to a similar 
degree to other volatile agents (Fig. 2.4). The ventila- 
tory depression associated with sevoflurane may result 
from a combination of central depression of medullary 
respiratory neurones and depression of diaphragmatic 
function and contractility. It relaxes bronchial smooth 
muscle but not as effectively as halothane. 


Cardiovascular System 


The properties of sevoflurane are similar to those of 
isoflurane, with slightly smaller effects on heart rate 
(Fig. 2.9) and less coronary vasodilatation. It de- 
creases arterial pressure (Fig. 2.7) mainly by reducing 
peripheral vascular resistance (Fig. 2.6), but cardiac 
output is well maintained over the normal anaesthetic 
maintenance doses (Fig. 2.5). There is mild myocar- 
dial depression resulting from its effect on calcium 
channels. Sevoflurane does not differ from isoflurane 
in its sensitization of the myocardium to exogenous 
catecholamines (Fig. 2.8). It is a less potent coronary 
arteriolar dilator and does not appear to cause coro- 
nary steal. Sevoflurane is associated with a lower heart 
rate and therefore helps to reduce myocardial oxygen 
consumption. 


Central Nervous System 

CNS effects are similar to those of isoflurane and 
desflurane. Intracranial pressure increases at high in- 
spired concentrations of sevoflurane but this effect is 


minimal over the 0.5—1.0 MAC range. It decreases ce- 
rebral vascular resistance and cerebral metabolic rate. 
It does not cause excitatory effects on the EEG. 


Renal System 


The peak concentration of inorganic fluoride af- 
ter sevoflurane is similar to that after enflurane an- 
aesthesia and there is a positive correlation between 
duration of exposure and the peak concentration of 
fluoride ions. Serum fluoride concentrations greater 
than 50 umolL~ have been reported. However, renal 
toxicity following anaesthesia with sevoflurane does 
not appear to be related to inorganic fluoride con- 
centrations as opposed to that associated with me- 
thoxyflurane. The apparent lack of renal toxicity with 
sevoflurane may be related to its rapid elimination 
from the body. This reduces the total amount of drug 
available for in vivo metabolism. 

Renal blood flow is well preserved with sevoflurane. 


Musculoskeletal System 


Sevoflurane potentiates non-depolarizing muscle re- 
laxants to a similar extent to isoflurane. Sevoflurane 
may trigger malignant hyperthermia in susceptible 
patients. 


Obstetric Use 


There are limited data on the use of sevoflurane in the 
obstetric population. 


Interaction with Carbon Dioxide Absorbers 


Sevoflurane is absorbed and degraded by both soda 
lime and Baralyme. When mixed with soda lime in 
artificial situations, five breakdown products are 
identified, which are termed compounds A, B, C, D 
and E. These products are thought to be toxic in rats, 
primarily causing renal, hepatic and cerebral damage. 
However, in clinical situations, it is mainly compound 
A and, to a lesser extent, compound B that are pro- 
duced. The evidence suggests that the concentration 
of compound A produced is well below the level that 
is toxic to animals. The use of Baralyme is associated 
with production of higher concentrations of com- 
pound A and this may be related to the higher tem- 
perature which is attained when Baralyme is used. The 
presence of moisture reduces compound A formation. 
The concentration of compound A is highest during 
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low-flow anaesthesia (<2 Lmin™) and is reduced by 
increasing fresh gas flow rate. The toxicity of sevoflu- 
rane in combination with carbon dioxide absorbers is 
probably more a theoretical than a clinical problem. 

In summary, sevoflurane is a newer inhalational 
anaesthetic agent which offers many advantages over 
other volatile agents. These are: 


= smooth, fast induction 

m rapid recovery 

m ease of use, requiring conventional vaporizers 
(particularly when compared with desflurane). 


Its disadvantages are: 


m production of potentially toxic metabolites in the 
body (more a theoretical problem) 

m instability with carbon dioxide absorbers 

m relative expense. 


Halothane 


Halothane (2-bromo-2-chloro-1,1,1-trifluoroethane) 
was synthesized in 1951 and introduced into clini- 
cal practice in the UK in 1956. It is a colourless liq- 
uid with a relatively pleasant smell. It is decomposed 
by light. The addition of 0.01% thymol and storage 
in amber-coloured bottles renders it stable. Although 
it is decomposed by soda lime, it may be used safely 
with this mixture. It corrodes metals in vaporizers and 
breathing systems. In the presence of moisture, it cor- 
rodes aluminium, tin, lead, magnesium and alloys. It 
should be stored in a closed container away from light 
and heat. 


Uptake and Distribution 


Halothane has a blood/gas solubility coefficient of 2.5, 
which is the highest of all the modern agents. It is not ir- 
ritant to the airway and therefore inhalational induction 
with halothane is relatively fast compared with either 
desflurane or isoflurane. However, it may take at least 
30 min for the alveolar inspired concentration to reach 
50% of the inspired concentration (Fig. 2.2); this is slower 
than for the other agents. As with all the volatile agents, it 
is customary to use the technique of ‘over-pressure’ and 
induce halothane anaesthesia with concentrations two to 
three times higher than the MAC value; the inspired con- 
centration is reduced when a stable level of anaesthesia 
has been achieved. The MAC of halothane in oxygen is 
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approximately 1.1% in the neonate, 0.95% in the infant, 
0.9% at 1-2 years, 0.75% at 40 years (0.29 in 70% nitrous 
oxide) and 0.65% at 80 years. 

Recovery from halothane anaesthesia is slower than 
with the other agents because of its high blood/gas 
solubility, and recovery is prolonged with increasing 
duration of anaesthesia (Fig. 2.3). 


Metabolism 


Approximately 20% of halothane is metabolized in the 
liver, usually by oxidative pathways. The end products 
are excreted in the urine. The major metabolites are 
bromine, chlorine, trifluoroacetic acid and trifluoro- 
acetylethanol amide. 

A small proportion of halothane may undergo 
reductive metabolism, particularly in the presence of 
hypoxaemia and when the hepatic microsomal enzymes 
have been stimulated by enzyme-inducing agents such as 
phenobarbital. Reductive metabolism may result in the 
formation of reactive metabolites and fluoride, although 
normally serum fluoride ion concentrations are consid- 
erably lower than those likely to induce renal dysfunction. 


Respiratory System 


Halothane is non-irritant and pleasant to breathe dur- 
ing induction of anaesthesia. There is rapid loss of 
pharyngeal and laryngeal reflexes and inhibition of 
salivary and bronchial secretions. In the unpremedi- 
cated subject, halothane anaesthesia is associated with 
an increase in ventilatory rate and reduction in tidal 
volume. PaCO, increases as the depth of halothane an- 
aesthesia increases (Fig. 2.4). 

Halothane causes a dose-dependent decrease in 
mucociliary function, which may persist for several 
hours after anaesthesia. This may contribute to post- 
operative sputum retention. 

Halothane antagonizes bronchospasm and reduces 
airway resistance in patients with bronchoconstric- 
tion, possibly by central inhibition of reflex broncho- 
constriction and relaxation of bronchial smooth 
muscle. It has been suggested that halothane exerts a 
B-mimetic effect on bronchial muscle. 


Cardiovascular System 
Halothane is a potent depressant of myocardial contrac- 


tility and myocardial metabolic activity as a result of in- 
hibition of glucose uptake by myocardial cells. During 


controlled ventilation, halothane anaesthesia is associ- 
ated with dose-related depression of cardiac output (by 
decrease in myocardial contractility) with little effect 
on peripheral resistance (Figs 2.5, 2.6). Thus, there is a 
reduction in arterial pressure (Fig. 2.7) and an increase 
in right atrial pressure. In spontaneously breathing pa- 
tients, some of these effects may be offset by a small in- 
crease in PaCO, which leads to a reduction in systemic 
vascular resistance and a shift in cardiac output back 
towards baseline values as a result of indirect sympatho- 
adrenal stimulation. 

The hypotensive effect of halothane is augmented 
by a reduction in heart rate, which commonly ac- 
companies halothane anaesthesia. Antagonism of the 
bradycardia by administration of atropine frequently 
leads to an increase in arterial pressure. 

The reduction in myocardial contractility is asso- 
ciated with reductions in myocardial oxygen demand 
and coronary blood flow. Provided that undue elev- 
ations in left ventricular diastolic pressure and undue 
hypotension do not occur, halothane may be advanta- 
geous in patients with coronary artery disease because 
of the reduced oxygen demand caused by a low heart 
rate and decreased contractility. 

The depressant effects of halothane on cardiac out- 
put are augmented in the presence of B-blockade. 

Arrhythmias are very common during halothane 
anaesthesia and far more frequent than with any of the 
other agents. Arrhythmias are produced by: 


m increased myocardial excitability augmented by 
the presence of hypercapnia, hypoxaemia or in- 
creased circulating catecholamines 

m bradycardia caused by central vagal stimulation. 


During local infiltration with local anaesthetic so- 
lutions containing Adrenaline, multifocal ventricular 
extrasystoles and sinus tachycardia have been observed 
and cardiac arrest has been reported. Thus, caution 
should be exercised when these solutions are used. The 
following recommendations have been made: 


m avoid hypoxaemia and hypercapnia 

m avoid concentrations of Adrenaline greater than 
1 in 100000 

m avoid a dosage in adults exceeding 10 ml of 1 in 
100000 Adrenaline in 10min (i.e. 100pg) or 
30mLh" (300 ug). 


Approximately 20% of patients breathing 1.25 
MAC of halothane and who receive subcutaneous in- 
filtration of 2pgkg’ Adrenaline exhibit ventricular 
ectopics. This increases to 100% of patients receiving 
2.5-3 gkg“ (Fig. 2.8). 

Patients undergoing dental surgery with halo- 
thane anaesthesia are particularly prone to developing 
arrhythmias. 


Central Nervous System 


Halothane produces anaesthesia without analgesia. 
Cerebral blood flow and intracranial pressure are 
raised. It does not cause seizure activity on EEG. 


Gastrointestinal Tract 


Gastrointestinal motility is inhibited. Postoperative 
nausea and vomiting are seldom severe. 


Uterus 


Halothane relaxes uterine muscle and may cause post- 
partum haemorrhage. It is said that a concentration of 
less than 0.5% is not associated with increased blood 
loss during anaesthesia for Caesarean section, but this 
concentration causes increased blood loss during ther- 
apeutic abortion. 


Skeletal Muscle 


Halothane causes skeletal muscle relaxation and poten- 
tiates non-depolarizing relaxants. Postoperative shiver- 
ing is common; this increases oxygen requirements and 
results in hypoxaemia unless oxygen is administered. 
Halothane may trigger malignant hyperthermia in sus- 
ceptible patients. 


Halothane-Associated Hepatic Dysfunction 


There are two types of dysfunction which may occur af- 
ter halothane anaesthesia. The first is mild and is asso- 
ciated with derangement in liver function tests. These 
changes are transient and generally resolve within a 
few days. Similar changes in liver function tests have 
also been reported after enflurane anaesthesia and, to a 
lesser extent, isoflurane anaesthesia. 

This subclinical type of hepatic dysfunction, evi- 
denced by an increase in glutathione-S-transferase 
(GST) concentrations, probably occurs as a result of 


AGENTS IN COMMON CLINICAL USE 25 


metabolism of halothane in the liver, where it reacts 
with hepatic macromolecules, resulting in tissue ne- 
crosis, which is worsened by hypoxaemia. 

The second type of hepatic dysfunction is ex- 
tremely uncommon and takes the form of severe 
jaundice, progressing to fulminating hepatic necro- 
sis. The mortality of this condition varies between 
30 and 70%. The likelihood of this type of hepatic 
dysfunction is increased by repeated exposure to 
the drug. The mechanism of these changes is prob- 
ably the formation of a hapten-protein complex. 
The hapten is probably one of the metabolites of 
halothane, notably trifluoroacetyl (TFA) halide, 
as antibodies to TFA proteins have been detected 
in patients who develop jaundice after halothane 
anaesthesia. 

The incidence of type 2 liver dysfunction after 
halothane anaesthesia is extremely low — so low that 
it is extremely difficult to mount well-controlled 
studies of the condition, and consequently this whole 
subject has been an area of great controversy in the 
past. Nonetheless, as a result of this concern, the UK 
Committee on Safety of Medicines made the fol- 
lowing recommendations in respect of halothane 
anaesthesia: 


m a careful anaesthetic history should be taken to 
determine previous exposure and any previous 
reaction to halothane. 

m repeated exposure to halothane within a period 
of 3 months should be avoided unless there are 
overriding clinical circumstances. 

m a history of unexplained jaundice or pyrexia 
after previous exposure to halothane is an ab- 
solute contraindication to its future use in that 
patient. 


The incidence of halothane hepatotoxicity in pae- 
diatric practice is extremely low, although there have 
been case reports in children. Nevertheless, halothane 
is still used in paediatric anaesthesia 

In summary, halothane is a useful inhalational an- 
aesthetic agent. Its main advantages are: 


m smooth induction 

m minimal stimulation of salivary and bronchial 
secretions 

m bronchodilatation. 
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The disadvantages are: 


m arrhythmias 

m possibility of liver toxicity especially with re- 
peated administrations 

m slow recovery compared with newer agents (see 
Fig. 2.3). 


Comparison of Isoflurane, Desflurane, 
Sevoflurane and Halothane 


Pharmacokinetics 


The rate of equilibration of alveolar with inspired con- 
centrations is related to blood/gas solubility. The rate 
of uptake of desflurane is faster than that of any of 
the other volatile agents and similar to that of nitrous 
oxide (Fig. 2.2). Despite its low blood/gas solubility, 
the rate of induction of anaesthesia with desflurane 
(and isoflurane) may be reduced because of the pun- 
gent odour compared with the more pleasant odours 
of sevoflurane and halothane. Sevoflurane provides 
a smooth rapid induction and it has largely replaced 
halothane for induction in children. Potency, on the 
other hand, is related to the lower oil/water solubility. 
Sevoflurane and desflurane are less potent than the 
older agents, as reflected by their higher MAC values. 

On recovery from anaesthesia, the rate of elimi- 
nation of desflurane is faster than that for the other 
agents (Fig. 2.3). 


Respiratory System 


All inhalational agents cause dose-related respira- 
tory depression. This results in reduced tidal volume, 
increased respiratory rate and reduced minute ven- 
tilation. PaCO, increases (Fig. 2.4). In unstimulated 
volunteers, desflurane causes greater ventilatory de- 
pression than isoflurane, halothane or sevoflurane. 
Nitrous oxide does not cause hypercapnia. Thus the 
reduction in inspired volatile anaesthetic concentra- 
tion permitted by addition of nitrous oxide is asso- 
ciated with less ventilatory depression. In addition, 
surgical stimulation is responsible for considerable an- 
tagonism of ventilatory depression during anaesthesia 
and PaCO, does not normally reach the values shown in 
Figure 2.4 during surgery. 

With all agents, depression of ventilation is associ- 
ated with depression of whole body oxygen consump- 
tion and carbon dioxide production. 


Halothane and, to a lesser extent, sevoflurane, 
causes bronchodilation. 


Cardiovascular System 


All the agents reduce arterial pressure because of 
reduced systemic vascular resistance and myocardial 
depression to varying degrees. Desflurane and isoflu- 
rane tend to maintain cardiac output, decreasing ar- 
terial pressure mainly by decreasing systemic vascular 
resistance. Halothane reduces arterial pressure princi- 
pally by decreasing cardiac output with little effect on 
systemic vascular resistance. 

Isoflurane and desflurane increase heart rate as a 
result of sympathetic stimulation, whereas halothane 
and sevoflurane reduce heart rate. 

The data in Figures 2.5-2.7 and 2.9 were derived 
from studies in volunteers who were not subjected to 
surgical stimulation and in whom artificial ventilation 
was used to achieve normocapnia. 

Some of the cardiovascular effects of these volatile 
agents are antagonized by the addition of nitrous oxide. 
In addition, during spontaneous ventilation, the modest 
hypercapnia which occurs with all agents also offsets some 
of the changes. With isoflurane, for example, cardiac output 
may be increased compared with pre-anaesthesia levels, 
although there is little effect on systemic arterial pressure. 

Desflurane, isoflurane and sevoflurane do not sen- 
sitize the myocardium to exogenous catecholamines, 
but halothane predisposes to arrhythmias. 

Isoflurane causes coronary vasodilatation and ex- 
perimentally this was found to cause coronary steal 
syndrome but this has now been demonstrated to be 
of no clinical significance. Sevoflurane causes some 
coronary vasodilatation but does not appear to cause 
coronary steal syndrome. The other two agents do not 
cause any coronary vasodilatation. 


Central Nervous System 


All agents cause dose-related depression of cerebral activ- 
ity. All the agents decrease cerebrovascular resistance and 
increase intracranial pressure in a dose-related manner. 


Neuromuscular Junction 


All agents produce muscle relaxation sufficient to 
perform lower abdominal surgery in spontaneously 
breathing thin subjects. In addition, there is poten- 
tiation of non-depolarizing muscle relaxants. In this 


respect, isoflurane, sevoflurane and desflurane are 
similar and cause markedly greater potentiation than 
that produced by halothane. 


Uterus 


Halothane and isoflurane relax uterine muscle in a 
dose-related manner. There is limited experience with 
desflurane and sevoflurane in the obstetric population. 
Sevoflurane appears to have similar uterine effects to 
isoflurane. In practice, isoflurane seems to be the stan- 
dard volatile anaesthetic agent used for obstetric an- 
aesthesia in the UK. 
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Metabolism 


Halothane and sevoflurane are metabolized to po- 
tentially toxic metabolites and desflurane is the most 
resistant to metabolism. Halothane is associated with 
liver toxicity while sevoflurane is associated with pro- 
duction of inorganic fluoride ions. 


Carbon Dioxide Absorbers 


Sevoflurane and halothane react with soda lime, while 
the other two do not. 

A comparison of other characteristics of the agents 
is shown in Tables 2.1 and 2.2. 


TABLE 2.2 


Systemic Effects of Volatile Agents 


Halothane Enflurane Isoflurane Desflurane Sevoflurane 
Alveolar equilibration Slow Moderate Moderate Fast Fast 
Recovery Slow Moderate Fast Very fast Fast 
Cardiovascular system 
Heart rate Reduced Increased ncreased Increased Stable 
Cardiac output Reduced Reduced Slightly reduced Stable to slightly Stable to slightly 
reduced reduced 
SVR Stable Slightly reduced Reduced Reduced Reduced 
MAP Reduced Reduced Reduced Reduced Reduced 
Sensitization of Yes Slight No No No 
myocardium 
Respiratory system 
Respiratory irritation Nil Minimal Significant Significant Nil 
Respiratory depression Yes Marked Yes Marked Yes 
Central nervous system 
Seizure activity on EEG No Yes No No No 
Renal system 
Renal toxic metabolites No Yes No No Yes 
Liver 
Hepatotoxicity Yes Yes No No ?Yes 
Metabolism (%) 20 2.5 0.2 0.02 3-5 
Musculoskeletal system 
Muscle weakness Moderate Moderate Significant Significant Significant 


SVR=systemic vascular resistance, MAP=mean arterial pressure. 
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AGENTS IN OCCASIONAL USE 


Enflurane 


Enflurane (2-chloro-1,1,2-trifluoroethyl  difluoro- 
methyl ether) was synthesized in 1963 and first evalu- 
ated clinically in 1966. It was introduced into clinical 
practice in the USA in 1971 but it is now used uncom- 
monly in Western countries. 


Physical Properties 


Enflurane is a clear, colourless, volatile anaesthetic 
agent with a pleasant ethereal smell. It is non-flammable 
in clinical concentrations, stable with soda lime and 
metals and does not require preservatives. The MAC 
of enflurane is 1.68% in oxygen and 0.57% in 70% ni- 
trous oxide. 


Uptake and Distribution 


Enflurane has a blood/gas solubility coefficient of 1.9, 
which is between that of halothane and isoflurane. 
Thus, induction of and recovery from anaesthesia are 
faster than halothane but slower than isoflurane, des- 
flurane and sevoflurane (Fig. 2.2). 


Metabolism 


Approximately 2.5% of the absorbed dose is metabo- 
lized, predominantly to fluoride. In common with 
other ether anaesthetic agents, the presence of the 
ether bond imparts stability to the molecule. 

Defluorination of enflurane is increased in patients 
treated with isoniazid, but not with a classic enzyme- 
inducing agent such as phenobarbital. Serum fluoride 
ion concentrations are greater after administration 
of enflurane to obese patients. Extensive studies have 
failed to demonstrate that the serum concentra- 
tions of fluoride ion reach toxic levels after enflurane 
anaesthesia. The plasma fluoride ion concentrations 
attained after enflurane anaesthesia are approximately 
20 umol L~” (which is below the 50 pmol L~ thought to 
be associated with renal damage after anaesthesia with 
methoxyflurane). 


Respiratory System 


Enflurane is non-irritant and does not increase salivary 
or bronchial secretions; thus inhalational induction 
is relatively pleasant and rapid. 


In common with all other volatile anaesthetic 
agents, enflurane causes dose-dependent depression of 
alveolar ventilation with a reduction in tidal volume 
and an increase in ventilatory rate in the unpremedi- 
cated subject. This results in an increase in arterial 
PCO, (Fig. 2.4). 


Cardiovascular System 


Enflurane causes dose-dependent depression of myo- 
cardial contractility, leading to a reduction in car- 
diac output (Fig. 2.5). In association with a small 
reduction in systemic vascular resistance, this leads 
to a dose-dependent reduction in arterial pressure 
(Figs 2.6, 2.7). Because enflurane (unlike halothane) 
has no central vagal effects, hypotension leads to 
reflex tachycardia. 

Enflurane anaesthesia is associated with a much 
smaller incidence of arrhythmias than halothane and 
much less sensitization of the myocardium to catechol- 
amines, either endogenous or exogenous (Fig. 2.8). 


Uterus 


Enflurane relaxes uterine muscle in a dose-related 
manner. 


Central Nervous System 


Enflurane produces a dose-dependent depression of 
EEG activity, but at moderate to high concentrations 
(more than 3%) it produces epileptiform paroxysmal 
spike activity and burst suppression. These are accen- 
tuated by hypocapnia. Twitching of the face and arm 
muscles may occur occasionally. Enflurane should be 
avoided in the epileptic patient. 


Muscle Relaxation 


Enflurane produces dose-dependent muscle relax- 
ation with potentiation of non-depolarizing neuro- 
muscular blocking drugs to a greater extent than 
that produced by halothane. It may trigger malignant 
hyperthermia. 


Hepatotoxicity 


There have been several case reports of jaundice at- 
tributable to the use of enflurane, and derangement of 
liver enzymes also occurs after enflurane anaesthesia, 
although to a lesser extent than after halothane. 


In summary, the advantages of enflurane are: 


m low risk of hepatic dysfunction 
m low incidence of arrhythmias. 


Its disadvantages are: 


m seizure activity on EEG 

m its use in patients with pre-existing renal disease 
or in those taking enzyme-inducing drugs may 
be unwise. 


Diethyl Ether 


Because of its flammability, the use of ether has been 
abandoned in Western countries, but it is used widely 
in other parts of the world. It therefore warrants a brief 
description in this text. 

It is a colourless, highly volatile liquid with a char- 
acteristic smell. It is flammable in air and explosive 
in oxygen. Ether is decomposed by air, light and heat, 
the most important products being acetaldehyde and 
ether peroxide. It should be stored in a cool environ- 
ment in opaque containers. 


Uptake and Distribution 


Ether has a high blood/gas solubility coefficient of 12 
and thus the rate of equilibration of alveolar with in- 
spired concentrations is slow. Therefore induction and 
recovery with ether are slow. 


Central Nervous System 


In common with all general anaesthetic agents, there 
is depression of cortical activity. Because induction of 
anaesthesia with ether is so slow, the classical stages of 
anaesthesia are seen; these are described in detail on 
page 448 and in Figure 21.2. 

Ether anaesthesia is associated with stimulation 
of the sympathoadrenal system and increased levels 
of circulating catecholamines, which offset the direct 
myocardial depressant effect of the drug. 


Respiratory System 


Ether is irritant to the respiratory tract and provokes 
coughing, breath-holding and profuse secretions from 
all mucus-secreting glands. Premedication with an 
anticholinergic agent is therefore essential. 

Ether stimulates ventilation and minute volume is 
maintained with increasing depth of anaesthesia until 
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surgical anaesthesia is achieved; thereafter, there is a 
gradual diminution in alveolar ventilation as plane 4 
of stage 3 is approached (see Chapter 21). 

Because ether is irritant to the respiratory tract, 
laryngeal spasm is not uncommon during induction 
with ether, but during established anaesthesia there 
is dilatation of the bronchi and bronchioles; at one 
time, the drug was recommended for the treatment of 
bronchospasm. 


Cardiovascular System 


In vitro, ether is a direct myocardial depressant. 
However, during light planes of clinical anaesthesia, 
there is sympathetic nervous stimulation and this of- 
ten results in little change in cardiac output, arterial 
pressure or peripheral resistance. In deep planes of an- 
aesthesia, cardiac output decreases as a result of myo- 
cardial depression. 

Cardiac arrhythmias occur rarely with ether and 
there is no sensitization of the myocardium to circu- 
lating catecholamines. 


Alimentary System 


Salivary and gastric secretions are increased during 
light anaesthesia but decreased during deep anaes- 
thesia. Ether causes a very high incidence of postop- 
erative nausea and vomiting. 


Skeletal Muscle 


Ether potentiates the effects of non-depolarizing mus- 
cle relaxants. 


Uterus and Placenta 


The pregnant uterus is not affected during light anaes- 
thesia, but relaxation occurs during deep anaesthesia. 


Metabolism 


At least 15% of ether is metabolized to carbon di- 
oxide and water; approximately 4% is metabolized in 
the liver to acetaldehyde and ethanol. 

Ether stimulates gluconeogenesis and therefore 
causes hyperglycaemia. 


Clinical Use of Ether 

Ether has a much higher therapeutic ratio than other 
volatile anaesthetic agents and is therefore safer for 
administration in the hands of unskilled individuals 
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or from an uncalibrated vaporizer. Because of its high 
blood/gas solubility coefficient and irritant proper- 
ties to the respiratory tract, induction of anaesthesia 
is very slow. 

Administration of ether may be undertaken using 
an anaesthetic breathing system with a non-calibrated 
vaporizer (Boyle’s bottle) or calibrated vaporizer 
(the EMO, which may be used as a draw-over or as a 
plenum vaporizer). It may be used safely in a closed 
circuit with soda lime absorption. 

Vapour strengths of up to 20% are required for 
induction; light anaesthesia may be maintained with 
3-5% and deep anaesthesia with 5-6% inspired 
concentrations. 


ANAESTHETIC GASES 
Nitrous Oxide (N,O) 


Manufacture 


Nitrous oxide is prepared commercially by heating 
ammonium nitrate to a temperature of 245-270°C. 
Various impurities are produced in this process, in- 
cluding ammonia, nitric acid, nitrogen, nitric oxide 
and nitrogen dioxide. 

After cooling, ammonia and nitric acid are recon- 
stituted to ammonium nitrate, which is returned to 
the beginning of the process. The remaining gases 
then pass through a series of scrubbers. The puri- 
fied gases are compressed and dried in an aluminium 
dryer. The resultant gases are expanded in a lique- 
fier, with the nitrogen escaping as gas. Nitrous oxide 
is then evaporated, compressed and passed through 
another aluminium dryer before being stored in 
cylinders. 

The higher oxides of nitrogen dissolve in water to 
form nitrous and nitric acids. These substances are 
toxic and produce methaemoglobinaemia and pul- 
monary oedema if inhaled. There have been several 
reports of death occurring during anaesthesia as a 
result of the inhalation of nitrous oxide contaminated 
with higher oxides of nitrogen. 


Storage 


Nitrous oxide is stored in compressed form as a liquid 
in cylinders at a pressure of 44bar (4400 kPa; 638 1b 
in”). In the UK, the cylinders are painted blue. 


Because the cylinder contains liquid and vapour, 
the total quantity of nitrous oxide contained in a cyl- 
inder may be ascertained only by weighing. Thus, the 
cylinder weights, full and empty, are stamped on the 
shoulder. Nitrous oxide cylinders should be kept in a 
vertical position during use so that the liquid phase 
remains at the bottom of the cylinder. During con- 
tinuous use, the cylinder may cool as a result of the 
latent heat of vaporization of liquid anaesthetic and 
ice may form on the lower part of the cylinder. Large 
institutions use a pipeline supply of nitrous oxide. The 
nitrous oxide is delivered from a large central bank of 
cylinders to the pipeline. 


Physical Properties 


Nitrous oxide is a sweet-smelling, non-irritant colour- 
less gas, with a molecular weight of 44, boiling point 
of —88°C, critical temperature of 36.5°C and critical 
pressure of 72.6 bar. 

Nitrous oxide is not flammable but it supports 
combustion of fuels in the absence of oxygen. 


Pharmacology 


Nitrous oxide is often said to be a good analgesic but 
a weak anaesthetic. The latter refers to the fact that 
its MAC value is 105%. This value was calculated 
theoretically from its low oil/water solubility coef- 
ficient of 3.2 and has been confirmed experimentally 
in volunteers anaesthetized in a pressure chamber 
compressed to 2 ata, where the MAC value was found 
to be 52.5% in N,O. As it is essential to administer 
a minimum Fo, of 0.3 during anaesthesia, nitrous 
oxide alone is insufficient to produce an adequate 
depth of anaesthesia. Therefore, nitrous oxide is used 
usually in combination with other agents. When us- 
ing nitrous oxide in a relaxant technique, the inspired 
gas mixture should be supplemented with a low con- 
centration of a volatile agent to eliminate the risk of 
awareness, which occurs in 1-2% of patients if ni- 
trous oxide anaesthesia is supplemented only by the 
administration of opioids. 

Nitrous oxide has a low blood/gas solubility coef- 
ficient (0.47 at 37°C) and therefore the rate of equili- 
bration of alveolar with inspired concentrations is very 
fast (Fig. 2.2). 

Nitrous oxide does not undergo metabolism in the 
body and is excreted unchanged. 


ANAESTHETIC GASES 31 


Nitrous oxide appears to exert its activity at dif- 
ferent types of receptors. It has an inhibitory action 
on N-methyl-p-aspartate (NMDA) glutamate recep- 
tors and stimulatory activity at dopamine, a, and &,- 
adrenergic and opioid receptors. The analgesic action 
of nitrous oxide is thought to be mediated by activa- 
tion of opioid receptors in the periaqueductal area of 
the midbrain. This leads to modulation of nociceptive 
pathways through the release of noradrenaline and 
activation of the a,-adrenoreceptors in the dor- 
sal horn of the spinal cord. Because of its analgesic 
properties, nitrous oxide is used in combination with 
volatile agents as part of a general anaesthetic, which 
reduces the dose of volatile agent required. It is used 
in obstetrics and in acute pain management as pre- 
mixed nitrous oxide 50% and oxygen 50% via a de- 
mand valve. 


The Concentration Effect 


The inspired concentration of nitrous oxide affects its 
rate of equilibration; the higher the inspired concen- 
tration, the faster is the rate of equilibration between 
alveolar and inspired concentrations. Nitrous oxide 
is more soluble in blood than is nitrogen. Thus, the 
volume of nitrous oxide entering pulmonary capillary 
blood from the alveolus is greater than the volume of 
nitrogen moving in the opposite direction. As a result, 
the total volume of gas in the alveolus diminishes and 
the fractional concentrations of the remaining gases 
increase. This has two consequences: 


m the higher the inspired concentration of nitrous 
oxide, the greater is the concentrating effect on 
the nitrous oxide remaining in the alveolus. 

m at high inspired concentrations of nitrous oxide, 
the reduction in alveolar gas volume causes an 
increase in PACO.. Equilibration with pulmonary 
capillary blood results in an increase in PaCO,. 


The result of the concentration effect on equilibra- 
tion of nitrous oxide is illustrated in Figure 2.10. 


The Second Gas Effect 


When nitrous oxide is administered in a high concen- 
tration with a second anaesthetic agent, e.g. sevoflu- 
rane, the reduction in gas volume in the alveoli caused 
by absorption of nitrous oxide increases the alveolar 
concentration of sevoflurane, thereby augmenting the 
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FIGURE 2.10 = The concentration and second gas effects. 


High concentrations of nitrous oxide increase the F,/F, ratio 
for nitrous oxide (the concentration effect) and for a volatile 
agent administered with nitrous oxide (the second gas effect). 
See text for details. 


rate of equilibration with inspired gas. This is illus- 
trated in the lower part of Figure 2.10. The second gas 
effect results also in small increases in PaO, and PaO.. 


Systemic Effects 


Respiratory System. Nitrous oxide decreases tidal vol- 
ume and increases respiratory rate and hence main- 
tains minute ventilation. It reduces the ventilatory 
response to hypoxaemia and hypercapnia. It depresses 
tracheal mucociliary flow and neutrophil chemotaxis 
and may increase the incidence of post-operative re- 
spiratory complications. 


Cardiovascular System. Nitrous oxide is a direct myo- 
cardial depressant, but in the normal individual this 
effect is antagonized by indirectly mediated sympatho- 
adrenal stimulation (effects similar to those produced 
by carbon dioxide). Thus, healthy patients exhibit 
little change in the cardiovascular system during ni- 
trous oxide anaesthesia. However, in patients with 
pre-existing high levels of sympathoadrenal activity 
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and poor myocardial contractility, the administration 
of nitrous oxide may cause reductions in cardiac out- 
put and arterial pressure. For this reason (in addition 
to avoidance of the risk of doubling the size of air em- 
boli), nitrous oxide is avoided in some centres during 
anaesthesia for cardiac surgery. Pulmonary vascular 
resistance is increased due to constriction of the pul- 
monary vascular smooth muscles and this may lead 
to increased right atrial pressure. For this reason, ni- 
trous oxide is best avoided in patients with pulmonary 
hypertension. 


Central Nervous System. Nitrous oxide increases cere- 
bral blood flow, cerebral metabolism and intracranial 
pressure. These changes are more marked in patients 
with abnormal cerebral autoregulation and may result 
in reduced cerebral perfusion. 


Neuromuscular Junction. Nitrous oxide does not 
appear to potentiate the action of non-depolarizing 
muscle relaxants. 


Side-Effects of Nitrous Oxide 


Postoperative Nausea and Vomiting. Nitrous oxide 
has been implicated in the aetiology of postopera- 
tive nausea and vomiting. The underlying mecha- 
nism for this is not well understood but it may be 
multifactorial involving changes in middle ear 
pressures, bowel distension and activation of dopa- 
minergic neurones. 


Diffusion Hypoxia. At the end of an anaesthetic, when 
the inspired gas mixture is changed from nitrous oxide/ 
oxygen to nitrogen/oxygen, hypoxaemia may occur as 
the volume of nitrous oxide diffusing from mixed ve- 
nous blood into the alveolus is greater than the volume 
of nitrogen taken up from the alveolus into pulmonary 
capillary blood (the opposite of the concentration ef- 
fect). Thus, the concentration of gases in the alveolus is 
diluted by nitrous oxide, leading to reductions in PaO, 
and PaCO.,. In the healthy individual, diffusion hypoxia 
is relatively transient, but may last for up to 10 min at 
the end of anaesthesia; the extent of reduction in PaO, 
may be of the order of 0.5-1.5 kPa. Administration of 
oxygen during this period is essential in order to avoid 
desaturation. 


Effect on Closed Gas Spaces. When blood containing 
nitrous oxide equilibrates with closed air-containing 
spaces inside the body, the volume of nitrous oxide 
that diffuses into the cavity exceeds the volume of 
nitrogen diffusing out. Thus, in compliant spaces, 
such as the bowel lumen or the pleural or peritoneal 
cavities, there is an increase in volume of the space. 
If the space cannot expand (e.g. sinuses, middle ear) 
there is an increase in pressure. In the middle ear, this 
may cause problems with surgery on the tympanic 
membrane. When nitrous oxide is administered in 
a concentration of 75%, the volume of a cavity may 
increase to as much as three to four times the original 
volume within 30 min. If an air embolus occurs in a 
patient who is breathing nitrous oxide, equilibration 
with the gas bubble leads to expansion of the em- 
bolus within seconds; the volume of the embolus may 
double within a very short period of time. A similar 
problem arises during prolonged procedures where 
nitrous oxide diffuses into the cuff of the tracheal 
tube and may increase the pressure exerted on the 
tracheal mucosa. Either avoiding the use of nitrous 
oxide or inflating the cuff with saline or nitrous oxide 
may prevent this. 

A complication of the effect of nitrous oxide on 
closed gas spaces which has been described is the loss 
of vision caused by expansion of intraocular per- 
fluoropropane gas during nitrous oxide anaesthesia. 
Perfluoropropane is used in vitreoretinal surgery to 
provide long-acting gas tamponade. The visual loss 
is caused possibly by central retinal artery occlusion 
as a result of expansion of the gas by nitrous oxide, 
resulting in increased intraocular pressure. Therefore 
the use of nitrous oxide in these patients should be 
avoided. In order to aid identification of these pa- 
tients by anaesthetists preoperatively, it is recom- 
mended that the patients should be aware of this risk 
in order to warn the anaesthetist and also it may be 
prudent for them to wear an intraocular gas identity 
bracelet. 


Effects on Blood and the Nervous System. Nitrous 
oxide inhibits the enzyme methionine synthetase 
which results in interference with DNA synthesis in 
both leucocytes and erythrocytes. It oxidizes the co- 
balt atom in vitamin B, and interferes with folic acid 


metabolism. Prolonged exposure may cause agranu- 
locytosis and bone marrow aplasia. Exposure of pa- 
tients to nitrous oxide for 6h or longer may result 
in megaloblastic anaemia. Occupational exposure 
to nitrous oxide may result in myeloneuropathy. 
This condition is similar to subacute combined de- 
generation of the spinal cord and has been reported 
in some dentists and also in individuals addicted to 
inhalation of nitrous oxide. Inhibition of methio- 
nine synthesis prevents production of methionine 
and tetrahydrofolate. Methionine is a precursor of 
S-adenosylmethionine which is incorporated into 
myelin and its absence leads to subacute combined 
degeneration of the cord. 


Teratogenic Changes. Teratogenic changes have been 
observed in pregnant rats exposed to nitrous oxide 
for prolonged periods. The mechanism of this tera- 
togenicity is not clear but it is thought to be multi- 
factorial and may partially involve activation of the 
a -adrenergic neurones. There is no evidence that 
similar effects occur in humans, but it has been sug- 
gested that nitrous oxide should be avoided in the first 
trimester of pregnancy. 


Environment. Nitrous oxide is a greenhouse gas and it 
is 200-300 times more effective in trapping heat than 
carbon dioxide and therefore may contribute to global 
warming. However the contribution to the greenhouse 
effect of anaesthetic use of nitrous oxide is very small 
as anaesthesia only accounts for <1% of total nitrous 
oxide emission. 


Other Gases Used During Anaesthesia 
Oxygen 


Manufacture. Oxygen is manufactured commercially 
by fractional distillation of liquid air. Before lique- 
faction of air, carbon dioxide is removed and liquid 
oxygen and nitrogen separated by means of their 
different boiling points (oxygen, —183°C; nitrogen, 
—195°C). 

Oxygen is supplied in cylinders at a pressure of 
137 bar (approximately 2000lb in”) at 15°C. In the 
UK, the cylinders are painted black with a white 
shoulder. 
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Many institutions use piped oxygen and this is sup- 
plied either by a bank of oxygen cylinders, ensuring a 
continuous supply, or from liquid oxygen. Premises 
using in excess of 150 000L of oxygen per week find 
the latter more economical. The pressure of oxygen in 
a hospital pipeline is approximately 4bar (601b in”), 
which is the same as the pressure distal to the reduc- 
ing valves of gas cylinders attached to anaesthetic 
machines. 

Oxygen is tasteless, colourless and odourless, with 
a specific gravity of 1.105 and a molecular weight of 
32. At atmospheric pressure, it liquefies at —183°C, 
but at 50 ata the liquefaction temperature increases to 
—119°C, 

Oxygen supports combustion, although the gas 
itself is not flammable. 


Oxygen Concentrators. Oxygen concentrators pro- 
duce oxygen from ambient air by absorption of ni- 
trogen onto some types of alumina silicates. Oxygen 
concentrators are useful both in hospitals and in 
long-term domestic use in remote areas, in developing 
countries and in military surgery. The gas produced by 
oxygen concentrators contains small quantities of in- 
ert gases (e.g. argon) which are harmless. 


Adverse Effects of Oxygen. 

FIRE. Oxygen supports combustion of fuels. An in- 
crease in the concentration of oxygen from 21% up to 
100% causes a progressive increase in the rate of com- 
bustion with the production of either conflagrations 
or explosions with appropriate fuels. 

CARDIOVASCULAR DEPRESSION. An increase in PaO, 
leads to direct vasoconstriction, which occurs in pe- 
ripheral vasculature and also in the cerebral, coronary, 
hepatic and renal circulations. This effect is not mani- 
fest at a PaO, of less than 30 kPa and assumes clinical 
importance only at hyperbaric pressures of oxygen. 
Hyperbaric pressures of oxygen also cause direct 
myocardial depression. In patients with severe car- 
diovascular disease, elevation of PaO, from the normal 
physiological range to 80 kPa may produce clinically 
evident cardiovascular depression. 

ABSORPTION ATELECTASIS. Because oxygen is highly 
soluble in blood, the use of 100% oxygen as the in- 
spired gas may lead to absorption atelectasis in lung 
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units distal to the site of airway closure. Absorption 
collapse may occur in as short a time as 6min with 
100% oxygen, and 60 min with 85% oxygen. Thus, even 
small concentrations of nitrogen exert an important 
splinting effect and this accounts for current avoidance 
of 100% oxygen in estimation of pulmonary shunt 
ratio (Q,/Q,) in patients with lung pathology, in 
whom a greater degree of airway closure would result 
in greater areas of alveolar atelectasis. Absorption at- 
electasis has been demonstrated in volunteers breath- 
ing 100% oxygen at FRC; atelectasis is evident on chest 
radiography for a period of at least 24h after exposure. 

PULMONARY OXYGEN TOXICITY. Chronic inhala- 
tion of a high inspired concentration of oxygen may 
result in the condition termed pulmonary oxygen 
toxicity (Lorrain-Smith effect), which is manifest by 
hyaline membranes, thickening of the interlobular 
and alveolar septa by oedema and fibroplastic pro- 
liferation. The clinical and radiological appearance 
of these changes is almost identical to that of the 
acute respiratory distress syndrome. The biochemical 
mechanisms underlying pulmonary oxygen toxicity 
probably include: 


m oxidation of SH groups on essential enzymes 
such as coenzyme A 

m peroxidation of lipids; the resulting lipid per- 
oxides inhibit the function of the cell 

m inhibition of the pathway of reversed electron 
transport, possibly by inhibition of iron and SH- 
containing flavoproteins. 


These changes lead to loss of synthesis of pulmo- 
nary surfactant, encouraging the development of ab- 
sorption collapse and alveolar oedema. The onset of 
oxygen-induced lung pathology occurs after approxi- 
mately 30h exposure to a Pro, of 100 kPa. 

CENTRAL NERVOUS SYSTEM OXYGEN TOXICITY. 
Convulsions, similar to those of grand mal epilepsy, 
occur during exposure to hyperbaric pressures of 
oxygen. 

RETROLENTAL FIBROPLASIA. Retrolental fibroplasia 
(RLF) is the result of oxygen-induced retinal vasocon- 
striction, with obliteration of the most immature reti- 
nal vessels and subsequent new vessel formation at the 
site of damage in the form of a proliferative retinopa- 
thy. Leakage of intravascular fluid leads to vitreoreti- 
nal adhesions and even retinal detachment. Retrolental 


fibroplasia occurs in infants exposed to hyperoxia in 
the paediatric intensive care unit and is related not to 
the FIO, per se, but to an elevated retinal artery PO,. 
It is not known what the threshold of PaO, is for the 
development of retinal damage, but an umbilical 
arterial PO, of 8-12 kPa (60-90 mmHg) is associated 
with a very low incidence of RLF and no signs of sys- 
temic hypoxia. It should be stressed, however, that 
there are many factors involved in the development of 
RLF in addition to arterial hyperoxia. 

DEPRESSED HAEMOPOIESIS. Long-term exposure to 
elevated F10, leads to depression of haemopoiesis and 
anaemia. 


Carbon Dioxide 


Carbon dioxide is a colourless gas with a pungent 
odour. It has a molecular weight of 44, a critical tem- 
perature of —31°C and a critical pressure of 73.8 bar. 

Carbon dioxide is obtained commercially from four 
sources: 


m as a byproduct of fermentation in brewing of 
beer 

m as a byproduct of the manufacture of hydrogen 

m by heating magnesium and calcium carbonate in 
the presence of their oxides 

m as a combustion gas from burning fuel. 


In the UK, carbon dioxide is supplied in a liquid 
state in grey cylinders at a pressure of 50 bar. The liquid 
phase occupies approximately 90-95% of the cylinder 
capacity. 


Physiological Data. Variations in cardiovascular 
state induced by alterations in PaCO, may be similar to 
those induced by pain or lightness of anaesthesia and 
the differential diagnosis is described in Table 40.2. 
The cardiovascular effects of CO, are summarized in 
Table 2.3. 


Uses of Carbon Dioxide in anaesthesia. The use of 
carbon dioxide in anaesthetic practice has declined 
as appreciation of its disadvantages has increased. 
Because of reports of accidental administration of 
high concentrations of CO, it is not available on most 
modern anaesthetic machines. Carbon dioxide is used 
mainly by surgeons for insufflation during laparo- 
scopic procedures. 


TABLE 2.3 


Cardiovascular Effects of CO, 


Arterial pressure Biphasic response. 
Cardiac output 


Heart rate 


Progressive increases in these 
variables with increase in 
PaCO, up to approximately 
10 kPa as a result of indirect 
sympathetic stimulation. 

At very high PaCO,,, these 
variables decrease as a result 
of myocardial depression 


Skin Dilatation with hypercapnia 
Coronary circulation Constriction with 


Cerebral circulation hypocapnia 


Gastrointestinal circulation 


Medical Air 


Nitrous oxide is still commonly used in combination 
with a volatile agent to maintain anaesthesia. However, 
there is growing concern regarding its toxic effects 
and its cost. Consequently, medical air is being used 
more frequently in combination with oxygen during 
anaesthesia. 

Medical air is obtained from the atmosphere near 
to the site of compression. Great care is taken to posi- 
tion the air intake in order to avoid contamination with 
pollutants such as carbon monoxide from car exhausts. 
Air is compressed to 137bar and then passed through 
columns of activated alumina to remove water. 

Air for medical purposes is supplied in cylinders 
(grey body and black and white shoulders in the UK) 
or as a piped system. A pressure of 4bar is available 
for attachment to anaesthetic machines, and 7 bar 
for orthopaedic tools. Its composition varies slightly 
depending on location of compression and moisture 
content. 


Uses of Medical Air. 


= Driving gas for ventilators 

= To operate power tools, e.g. orthopaedic drills 

= Together with oxygen and a volatile or intra- 
venous agent to maintain anaesthesia. 


Advantages of Air. 


m Readily available 
= Non-toxic. 
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Xenon 


Inert gases such as argon, krypton and xenon, which 
form crystalline hydrates, have been reported to exert 
anaesthetic actions. Cullen and Gross first reported 
the anaesthetic properties of xenon in humans in 
1951. Xenon offers many advantages over nitrous 
oxide, for which it could theoretically be a suitable 
replacement. The reasons that it is not routinely 
available are that it is expensive, there are no com- 
mercially available anaesthetic machines in which to 
use xenon, its concentration in inspired gas cannot be 
measured with conventional anaesthetic gas analysers 
and there is still limited clinical experience with its 
use. Xenon, in common with nitrous oxide and ket- 
amine, acts by non-competitive inhibition of NMDA 
receptors in the CNS. 


Physical Properties. Xenon is a non-explosive, co- 
lourless and odourless gas. It is non-flammable and 
does not support combustion. Its blood/gas partition 
coefficient of 0.14—0.2 is lower than that of nitrous 
oxide (0.47). It therefore provides rapid induction of 
and recovery from anaesthesia. Xenon is more potent 
than nitrous oxide, with a MAC of 70%. It does not 
undergo biotransformation and it is harmless to the 
ozone layer. 


Systemic Effects. Studies so far have shown no cardio- 
respiratory side-effects or reduction in local organ 
perfusion. It is non-irritant to the respiratory tract. 
However, in common with nitrous oxide, xenon ap- 
pears to be associated with postoperative nausea and 
vomiting. 


Helium 


Helium is a light inert gas which is present in air and 
natural gas. It is the second most abundant element 
after hydrogen. It is presented as either Heliox (79% 
helium and 21% oxygen) in white cylinders with 
white/brown shoulders or as 100% helium in brown 
cylinders at 137 bar. Helium has a lower density than 
air, nitrogen and oxygen. During turbulent flow, ve- 
locity is higher when Heliox is used. The low density 
of gas results in a lowering of the Reynolds’ num- 
ber and thus a return to laminar flow. By increasing 
laminar flow, the efficiency of breathing is increased. 
This physical characteristic is used to treat patients 
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with upper airway obstruction to reduce the work of 
breathing and improve oxygenation. 

Because of the lower density, patients receiving he- 
lium have a typical squeaky voice due to the higher 
frequency vocal sounds. Helium is used in the mea- 
surement of lung volumes because of its very low 


solubility. Helium/oxygen mixtures are also used for 
deep water diving to avoid nitrogen narcosis. 


FURTHER READING 


Calvey, N., Williams, N., 2008. Principles and practice of pharmacol- 
ogy for anaesthetists, fifth ed. Wiley-Blackwell, Oxford. 


AGENTS 


G eneral anaesthesia may be produced by many 
drugs which depress the CNS, including sedatives, 
tranquillizers and hypnotic agents. However, for some 
drugs, the doses required to produce surgical anaes- 
thesia are so large that cardiovascular and respiratory 
depression commonly occur, and recovery is delayed 
for hours or even days. Only a few drugs are suitable 
for use routinely to produce anaesthesia after intra- 
venous (i.v.) injection. 

Intravenous anaesthetic agents are used commonly 
to induce anaesthesia, as induction is usually smoother 
and more rapid than that associated with most of the 
inhalational agents. Intravenous anaesthetics may also 
be used for maintenance, either alone or in combin- 
ation with nitrous oxide; they may be administered as 
repeated bolus doses or by continuous i.v. infusion. 
Other uses include sedation during regional anaes- 
thesia, sedation in the intensive care unit (ICU) and 
treatment of status epilepticus. 


Properties of the Ideal Intravenous 
Anaesthetic Agent 


= Rapid onset — this is achieved by an agent which 
is mainly un-ionized at blood pH and which is 
highly soluble in lipid; these properties permit 
penetration of the blood-brain barrier 

m Rapid recovery — early recovery of consciousness 
is usually produced by rapid redistribution of 
the drug from the brain into other well-perfused 
tissues, particularly muscle. The plasma con- 
centration of the drug decreases, and the drug 
diffuses out of the brain along a concentration 
gradient. The quality of the later recovery period 


INTRAVENOUS ANAESTHETIC 


is related more to the rate of metabolism of the 
drug; drugs with slow metabolism are associ- 
ated with a more prolonged ‘hangover effect and 
accumulate if used in repeated doses or by infu- 
sion for maintenance of anaesthesia 

Analgesia at subanaesthetic concentrations 
Minimal cardiovascular and respiratory depression 
No emetic effects 

No excitatory phenomena (e.g. coughing, hiccup, 
involuntary movement) on induction 

No emergence phenomena (e.g. nightmares) 

No interaction with neuromuscular blocking drugs 
No pain on injection 

No venous sequelae 

Safe if injected inadvertently into an artery 

No toxic effects on other organs 

No release of histamine 

No hypersensitivity reactions 

Water-soluble formulation 

Long shelf-life 

No stimulation of porphyria. 


None of the agents available at present meets all 
these requirements. Features of the commonly used i.v. 
anaesthetic agents are compared in Table 3.1, and a clas- 
sification of i.v. anaesthetic drugs is shown in Table 3.2. 


Mechanism of Action of Intravenous 
Anaesthetic Drugs 


In common with inhalational agents, all intravenous 
anaesthetics, with the exception of ketamine, potenti- 
ate GABA, receptors to inhibit CNS neurotransmission. 
Benzodiazepines act at a different binding site on the 
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TABLE 3.1 


Main Properties of Intravenous Anaesthetics 


Thiopental Methohexital Propofol Ketamine Etomidate 

Physical Properties 
Water-soluble + + = + 4a 
Stable in solution - = + + + 
Long shelf-life - = + + $ 
Pain on i.v. injection - + +45 = 44b 
Non-irritant on s.c. injection - + + + 
Painful on arterial injection + + = 
No sequelae from - + + 
intra-arterial injection 
Low incidence of venous + + + + = 
thrombosis 
Effects on Body 
Rapid onset + + + $ re 
Recovery due to: 

Redistribution + + 

Detoxification 
Cumulation ++ + = = 2 
Induction 

Excitatory effects - ++ + + +44 
Respiratory complications - + + = = 
Cardiovascular 

Hypotension + + ++ = + 
Analgesic - = ph = 
Antanalgesic + + - = ? 
Interaction with relaxants - = = = - 
Postoperative vomiting - = = ++ + 
Emergence delirium = s ae n 

+ + - 


Safe in porphyria - - 


@ Aqueous solution not commercially available. 


? Pain may be reduced when emulsion with medium-chain triglycerides is used. 


GABA, receptor, the a/y subunit interface, to increase 
chloride conductance. Propofol and barbiturates also po- 
tentiate the inhibitory effects of glycine at glycine receptors 
in the brain and, to a lesser extent, the spinal cord. In addi- 
tion to effects on GABA, and glycine receptors, propofol 
has inhibitory actions on sodium channels and 5HT, re- 
ceptors. The latter may explain its antiemetic effects. 


Ketamine, in common with nitrous oxide and xe- 
non, has its predominant effect at NMDA receptors. 
These CNS receptors usually bind glutamate and are 
excitatory. Binding by ketamine to the NMDA receptor 
in a non-competitive manner reduces transmission. 
Ketamine appears to have no effect at GABA or glycine 
receptors. 


TABLE 3.2 


Classification of Intravenous Anaesthetics 


Rapidly Acting (Primary Induction) Agents 


Barbiturates: 
Methohexital 
Thiobarbiturates - thiopental, thiamylal 


Imidazole compounds - etomidate 


Sterically hindered alkyl phenols - propofol 


Steroids - eltanolone, althesin, minaxolone (none currently 
available) 


Eugenols - propanidid (not currently available) 


Slower-Acting (Basal Narcotic) Agents 


Ketamine 


Benzodiazepines - diazepam, flunitrazepam, midazolam 


Large-dose opioids - fentanyl, alfentanil, sufentanil, 
remifentanil 


Neuroleptic combination - opioid + neuroleptic 


Pharmacokinetics of Intravenous 
Anaesthetic Drugs 


After i.v. administration of a drug, there is an immedi- 
ate rapid increase in plasma concentration followed by 
a slower decline. Anaesthesia is produced by diffusion 
of drug from arterial blood across the blood-brain 
barrier into the brain. The rate of transfer into the 
brain, and therefore the anaesthetic effect, is regulated 
by the following factors: 

Protein binding. Only unbound drug is free to 
cross the blood-brain barrier. Protein binding may be 
reduced by low plasma protein concentrations or dis- 
placement by other drugs, resulting in higher concen- 
trations of free drug and an exaggerated anaesthetic 
effect. Protein binding is also affected by changes in 
blood pH. Hyperventilation decreases protein binding 
and increases the anaesthetic effect. 

Blood flow to the brain. Reduced cerebral blood 
flow (CBF), e.g. carotid artery stenosis, results in re- 
duced delivery of drug to the brain. However, if CBF 
is reduced because of low cardiac output, initial blood 
concentrations are higher than normal after i.v. ad- 
ministration, and the anaesthetic effect may be delayed 
but enhanced. 

Extracellular pH and pKa of the drug. Only the 
un-ionized fraction of the drug penetrates the lipid 
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blood-brain barrier; thus, the potency of the drug 
depends on the degree of ionization at the pH of 
extracellular fluid and the pK, of the drug. 

The relative solubilities of the drug in lipid and 
water. High lipid solubility enhances transfer into the 
brain. 

Speed of injection. Rapid i.v. administration results 
in high initial concentrations of drug. This increases 
the speed of induction, but also the extent of cardio- 
vascular and respiratory side-effects. 

In general, any factor which increases the blood 
concentration of free drug, e.g. reduced protein bind- 
ing or low cardiac output, also increases the intensity 
of side-effects. 


Distribution to Other Tissues 


The anaesthetic effect of all i.v. anaesthetic drugs in 
current use is terminated predominantly by distrib- 
ution to other tissues. Figure 3.1 shows this distrib- 
ution for thiopental. The percentage of the injected 
dose in each of four body compartments as time 
elapses is shown after i.v. injection. A large proportion 
of the drug is distributed initially into well-perfused 
organs (termed the vessel-rich group, or viscera — 
predominantly brain, liver and kidneys). Distribution 
into muscle (lean) is slower because of its low lipid 
content, but it is quantitatively important because 
of its relatively good blood supply and large mass. 
Despite their high lipid solubility, iv. anaesthetic 


% of dose 


1 2 4 8 16 32 128 


min 
FIGURE 3.1 Distribution of thiopental after intravenous 
bolus administration. 
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drugs distribute slowly to adipose tissue (fat) because 
of its poor blood supply. Fat contributes little to the 
initial redistribution or termination of action of i.v. 
anaesthetic agents, but fat depots contain a large pro- 
portion of the injected dose of thiopental at 90 min, 
and 65-75% of the total remaining in the body at 24h. 
There is also a small amount of redistribution to areas 
with a very poor blood supply, e.g. bone. Table 3.3 in- 
dicates some of the properties of the body compart- 
ments in respect of the distribution of i.v. anaesthetic 
agents. 

After a single i.v. dose, the concentration of drug 
in blood decreases as distribution occurs into vis- 
cera, and particularly muscle. Drug diffuses from 
the brain into blood along the changing concentra- 
tion gradient, and recovery of consciousness occurs. 
Metabolism of most i.v. anaesthetic drugs occurs 
predominantly in the liver. If metabolism is rapid 
(indicated by a short elimination half-life), it may 
contribute to some extent to the recovery of con- 
sciousness. However, because of the large distribution 
volume of i.v. anaesthetic drugs, total elimination 
takes many hours, or, in some instances, days. A small 
proportion of drug may be excreted unchanged in the 
urine; the amount depends on the degree of ioniza- 
tion and the pH of urine. 


TABLE 3.3 


Factors Influencing the Distribution of 
Thiopental in the Body 


Viscera Muscle Fat Others 
Relative blood Rich Good Poor Very 
flow poor 
Blood flow 4.5 TA 0.32 0.08 
(Lmin) 
Tissue volume 6 33 15 13 
(L; A) 
Tissue/blood iS 1.5 11.0 1.5 
partition 
coefficient (B) 
Potential 9 50 165 20 
capacity 
(L; AxB) 
Time constant 2 45 500 250 
(capacity/ 
flow; min) 


BARBITURATES 


Amobarbital and pentobarbital were used i.v. to induce 
anaesthesia in the late 1920s, but their actions were un- 
predictable and recovery was prolonged. Manipulation 
of the barbituric acid ring (Fig. 3.2) enabled a short 
duration of action to be achieved by: 


m substitution of a sulphur atom for oxygen at pos- 
ition 2 

m substitution of a methyl group at position 1; this 
also confers potential convulsive activity and in- 
creases the incidence of excitatory phenomena. 


An increased number of carbon atoms in the side 
chains at position 5 increases the potency of the agent. 
The presence of an aromatic nucleus in an alkyl group 
at position 5 produces compounds with convulsant 
properties; direct substitution with a phenyl group 
confers anticonvulsant activity. 

The anaesthetically active barbiturates are classified 
chemically into four groups (Table 3.4). The methyl- 
ated oxybarbiturate hexobarbital was moderately suc- 
cessful as an i.v. anaesthetic agent, but was superseded 
by the development in 1932 of thiopental. Although 
propofol has become very popular in a number of 
countries, thiopental remains one of the most com- 
monly used i.v. anaesthetic agents throughout the 
world. Its pharmacology is therefore described fully in 
this chapter. Many of its effects are shared by other i.v. 
anaesthetic agents and consequently the pharmacol- 
ogy of these drugs is described more briefly. 


R \e o/ 
S 


FIGURE 3.2 Structure of barbiturate ring. 
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TABLE 3.4 


Relation of Chemical Grouping to Clinical Action of Barbiturates 


SUBSTITUENTS 
Group Position 1 Position2 Group Characteristics when Given Intravenously 
Oxybarbiturates H (0) Delay in onset of action depending on 5 and 5' side chain. Useful as basal hypnotics. 
Prolonged action 
Methyl CH, O Usually rapid-acting with fairly rapid recovery. High incidence of excitatory 
barbiturates phenomena 
Thiobarbiturates H S Rapid-acting, usually smooth onset of sleep and fairly prompt recovery 
Methyl CH, S Rapid onset of action and very rapid recovery but with so high an incidence of 


thiobarbiturates 


Thiopental Sodium 
Chemical Structure 


Sodium 5-ethyl-5-(1-methylbutyl)-2-thiobarbiturate. 


Physical Properties and Presentation 


Thiopental sodium, the sulphur analogue of pento- 
barbital, is a yellowish powder with a bitter taste and a 
faint smell of garlic. It is stored in nitrogen to prevent 
chemical reaction with atmospheric carbon dioxide, 
and mixed with 6% anhydrous sodium carbonate to 
increase its solubility in water. It is available in single- 
dose ampoules of 500 mg and is dissolved in distilled 
water to produce 2.5% (25mg ml") solution with a pH 
of 10.8; this solution is slightly hypotonic. Freshly pre- 
pared solution may be kept for 24h. The oil/water par- 
tition coefficient of thiopental is 4.7, and the pKa 7.6. 


Central Nervous System. Thiopental produces anaes- 
thesia usually less than 30s after i.v. injection, although 
there may be some delay in patients with a low cardiac 
output. There is progressive depression of the CNS, 
including spinal cord reflexes. The hypnotic action of 
thiopental is potent, but its analgesic effect is poor, and 
surgical anaesthesia is difficult to achieve unless large 
doses are used; these are associated with cardiorespira- 
tory depression. The cerebral metabolic rate is reduced 
and there are secondary decreases in CBF, cerebral 
blood volume and intracranial pressure. Recovery of 
consciousness occurs at a higher blood concentration 
if a large dose is given, or if the drug is injected rapidly; 
this has been attributed to acute tolerance, but may 
represent only altered redistribution. Consciousness is 


excitatory phenomena as to preclude use in clinical practice 


usually regained in 5-10 min. At subanaesthetic blood 
concentrations (i.e. at low doses or during recovery), 
thiopental has an antanalgesic effect and reduces the 
pain threshold; this may result in restlessness in the 
postoperative period. Thiopental is a very potent 
anticonvulsant. 

Sympathetic nervous system activity is depressed 
to a greater extent than parasympathetic; this may oc- 
casionally result in bradycardia. However, it is more 
usual for tachycardia to develop after induction of 
anaesthesia, partly because of baroreceptor inhibition 
caused by modest hypotension and partly because of 
loss of vagal tone which may predominate normally in 
young healthy adults. 


Cardiovascular System. Myocardial contractility is de- 
pressed and peripheral vasodilatation occurs, particu- 
larly when large doses are administered or if injection is 
rapid. Arterial pressure decreases, and profound hypo- 
tension may occur in the patient with hypovolaemia or 
cardiac disease. Heart rate may decrease, but there is 
often a reflex tachycardia (see above). 


Respiratory System. Ventilatory drive is decreased by 
thiopental as a result of reduced sensitivity of the re- 
spiratory centre to carbon dioxide. A short period of 
apnoea is common, frequently preceded by a few deep 
breaths. Respiratory depression is influenced by pre- 
medication and is more pronounced if opioids have 
been administered; assisted or controlled ventilation 
may be required. When spontaneous ventilation is 
resumed, ventilatory rate and tidal volume are usu- 
ally lower than normal, but they increase in response 
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to surgical stimulation. There is an increase in bron- 
chial muscle tone, although frank bronchospasm is 
uncommon. 

Laryngeal spasm may be precipitated by surgical 
stimulation or the presence of secretions, blood or 
foreign bodies (e.g. an oropharyngeal airway or su- 
praglottic airway device) in the region of the pharynx 
or larynx. Thiopental is less satisfactory than propofol 
in this respect, and appears to depress the parasympa- 
thetic laryngeal reflex arc to a lesser extent than other 
areas of the CNS. 


Skeletal Muscle. Skeletal muscle tone is reduced at 
high blood concentrations, partly as a result of sup- 
pression of spinal cord reflexes. There is no significant 
direct effect on the neuromuscular junction. When 
thiopental is used as the sole anaesthetic agent, there is 
poor muscle relaxation, and movement in response to 
surgical stimulation is common. 


Uterus and Placenta. There is little effect on resting 
uterine tone, but uterine contractions are suppressed 
at high doses. Thiopental crosses the placenta readily, 
although fetal blood concentrations do not reach the 
same levels as those observed in the mother. 


Eye. Intraocular pressure is reduced by approximately 
40%. The pupil dilates first, and then constricts; the 
light reflex remains present until surgical anaesthesia 
has been attained. The corneal, conjunctival, eyelash 
and eyelid reflexes are abolished. 


Hepatorenal Function. The functions of the liver and 
kidneys are impaired transiently after administration 
of thiopental. Hepatic microsomal enzymes are in- 
duced and this may increase the metabolism and elim- 
ination of other drugs. 


Pharmacokinetics 


Blood concentrations of thiopental increase rapidly 
after i.v. administration. Between 75 and 85% of the 
drug is bound to protein, mostly albumin; thus, more 
free drug is available if plasma protein concentrations 
are reduced by malnutrition or disease. Protein bind- 
ing is affected by pH and is decreased by alkalaemia; 
thus the concentration of free drug is increased during 
hyperventilation. Some drugs, e.g. phenylbutazone, 


occupy the same binding sites, and protein binding of 
thiopental may be reduced in their presence. 

Thiopental diffuses readily into the CNS because 
of its lipid solubility and predominantly un-ionized 
state (61%) at body pH. Consciousness returns 
when the brain concentration decreases to a thresh- 
old value, dependent on the individual patient, the 
dose of drug and its rate of administration, but at 
this time nearly all of the injected dose is still present 
in the body. 

Metabolism of thiopental occurs predominantly 
in the liver, and the metabolites are excreted by the 
kidneys; a small proportion is excreted unchanged 
in the urine. The terminal elimination half-life is 
approximately 11.5h. Metabolism is a zero-order 
process; 10-15% of the remaining drug is metabo- 
lized each hour. Thus, up to 30% of the original 
dose may remain in the body at 24h. Consequently, 
a ‘hangover’ effect is common; in addition, further 
doses of thiopental administered within 1-2 days 
may result in cumulation. Elimination is impaired in 
the elderly. In obese patients, dosage should be based 
on an estimate of lean body mass, as distribution to 
fat is slow. However, elimination may be delayed in 
obese patients because of increased retention of the 
drug by adipose tissue. 


Dosage and Administration 


Thiopental is administered i.v. as a 2.5% solution; the 
use of a 5% solution increases the likelihood of seri- 
ous complications and is not recommended. A small 
volume, e.g. 1-2 mL in adults, should be administered 
initially; the patient should be asked if any pain is ex- 
perienced in case of inadvertent intra-arterial injec- 
tion (see below) before the remainder of the induction 
dose is given. 

The dose required to produce anaesthesia varies, 
and the response of each patient must be assessed 
carefully; cardiovascular depression is exaggerated if 
excessive doses are given. In healthy adults, an initial 
dose of 4mgkg™ should be administered over 15-20 s; 
if loss of the eyelash reflex does not occur within 30s, 
supplementary doses of 50-100 mg should be given 
slowly until consciousness is lost. In young children, a 
dose of 6mgkg”™ is usually necessary. Elderly patients 
often require smaller doses (e.g. 2.5-3mgkg") than 
young adults. 


Induction is usually smooth and may be preceded 
by a taste of garlic. Adverse effects are related to peak 
blood concentrations, and in patients in whom cardio- 
vascular depression may occur the drug should be ad- 
ministered more slowly; in very frail patients, as little 
as 50 mg may be sufficient to induce sleep. 

No other drug should be mixed with thiopental. 
Neuromuscular blocking drugs should not be given until 
it is certain that anaesthesia has been induced. The i.v. 
cannula should be flushed with saline before vecuronium 
or atracurium is administered, to obviate precipitation. 

Supplementary doses of 25-100 mg may be given 
to augment nitrous oxide/oxygen anaesthesia during 
short surgical procedures. However, recovery may be 
prolonged considerably if large total doses are used 
(>10mgkg"). 


Adverse Effects 


Hypotension. The risk is increased if excessive doses 
are used, or if thiopental is administered to hypo- 
volaemic, shocked or previously hypertensive patients. 
Hypotension is minimized by administering the drug 
slowly. Thiopental should not be administered to pa- 
tients in the sitting position. 

Respiratory depression. The risk is increased if ex- 
cessive doses are used, or if opioid drugs have also been 
administered. Facilities must be available to provide 
artificial ventilation. 

Tissue necrosis. Local necrosis may follow peri- 
venous injection. Median nerve damage may occur af- 
ter extravasation in the antecubital fossa, and this site 
is not recommended. If perivenous injection occurs, 
the needle should be left in place and hyaluronidase 
injected. 

Intra-arterial injection. This is usually the result 
of inadvertent injection into the brachial artery or 
an aberrant ulnar artery in the antecubital fossa but 
has occurred occasionally into aberrant arteries at the 
wrist. The patient usually complains of intense, burn- 
ing pain, and drug injection should be stopped imme- 
diately. The forearm and hand may become blanched 
and blisters may appear distally. Intra-arterial thiopen- 
tal causes profound constriction of the artery accom- 
panied by local release of norepinephrine. In addition, 
crystals of thiopental form in arterioles. Thrombosis 
caused by endarteritis, adenosine triphosphate release 
from damaged red cells and aggregation of platelets 
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result in emboli and may cause ischaemia or gangrene 
in parts of the forearm, hand or fingers. 

The needle should be left in the artery and a vaso- 
dilator (e.g. papaverine 20mg) administered. Stellate 
ganglion or brachial plexus block may reduce arterial 
spasm. Heparin should be given i.v. and oral anti- 
coagulants should be prescribed after operation. 

The risk of ischaemic damage after intra-arterial in- 
jection is much greater if a 5% solution of thiopental 
is used. 

Laryngeal spasm. The causes have been discussed 
above. 

Bronchospasm. This is unusual, but may be pre- 
cipitated in asthmatic patients. 

Allergic reactions. These range from cutaneous 
rashes to severe or fatal anaphylactic or anaphylac- 
toid reactions with cardiovascular collapse. Severe 
reactions are rare (approximately 1 in 14000-20000). 
Hypersensitivity reactions to drugs administered dur- 
ing anaesthesia are discussed on pages 54-55. 

Thrombophlebitis. This is uncommon (Table 3.5) 
when the 2.5% solution is used. 


Indications 


m Induction of anaesthesia 

= Maintenance of anaesthesia — thiopental is suit- 
able only for short procedures because cumul- 
ation occurs with repeated doses 

= Treatment of status epilepticus 

m Reduction of intracranial pressure (see Ch 32). 


Absolute Contraindications 


m Airway obstruction — intravenous anaesthesia 
should not be used if there is anticipated diffi- 
culty in maintaining an adequate airway e.g. epi- 
glottitis, oral or pharyngeal tumours. 

m Porphyria — barbiturates may precipitate lower 
motor neurone paralysis or severe cardiovascular 
collapse in patients with porphyria. 

m Previous hypersensitivity reaction to a barbiturate. 


Precautions 


Special care is needed when thiopental is administered 
in the following circumstances: 

Cardiovascular disease. Patients with hypovolae- 
mia, myocardial disease, cardiac valvular stenosis or 
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TABLE 3.5 


Percentage Incidences of Pain on Injection and Thrombophlebitis After Intravenous 
Administration of Anaesthetic Drugs into a Large Vein in the Antecubital Fossa 
or a Small Vein in the Dorsum of the Hand or Wrist 


PAIN THROMBOPHLEBITIS 
Agent Large Small Large Small 
Saline 0.9% 0 0 0 0 
Thiopental 2.5% 0 12 1 0 
Methohexital 1% 8 21 0 0 
Propofol - LCT emulsion 10 40 0 0 
Propofol - MCT emulsion n/a 15 0 0 
Etomidate - propylene glycol 8 80 15 20 
Etomidate - MCT emulsion n/a 4 0 0 


MCT=medium-chain triglyceride, LCT=long-chain triglyceride. 


constrictive pericarditis are particularly sensitive to the 
hypotensive effects of thiopental. However, if the drug 
is administered with extreme caution, it is probably 
no more hazardous than other i.v. anaesthetic agents. 
Myocardial depression may be severe in patients with 
right-to-left intracardiac shunt because of high coro- 
nary artery concentrations of thiopental. 

Severe hepatic disease. Reduced protein bind- 
ing results in higher concentrations of free drug. 
Metabolism may be impaired, but this has little effect 
on early recovery. A normal dose may be administered, 
but very slowly. 

Renal disease. In chronic renal failure, protein 
binding is reduced, but elimination is unaltered. A 
normal dose may be administered, but very slowly. 

Muscle disease. Respiratory depression is exagger- 
ated in patients with myasthenia gravis or dystrophia 
myotonica. 

Reduced metabolic rate. Patients with myxoedema 
are exquisitely sensitive to the effects of thiopental. 

Obstetrics. An adequate dose must be given to en- 
sure that the mother is anaesthetized. However, exces- 
sive doses may result in respiratory or cardiovascular 
depression in the fetus, particularly if the interval be- 
tween induction and delivery is short. 

Outpatient anaesthesia. Early recovery is slow in 
comparison with other agents. This is seldom impor- 
tant unless rapid return of airway reflexes is essential, 


e.g. after oral or dental surgery. However, slow elimina- 
tion of thiopental may result in persistent drowsiness 
for 24—36h, and this impairs the ability to drive or use 
machinery. There is also potentiation of the effect of 
alcohol or sedative drugs ingested during that period. It 
is preferable to use a drug with more rapid elimination 
for patients who are ambulant within a few hours. 

Adrenocortical insufficiency. 

Extremes of age. 

Asthma. 


Methohexital Sodium 
Chemical Structure 


Sodium «-dl-5-allyl-1-methyl-5-(1-methyl-2-pentynyl) 
barbiturate. 


Physical Properties and Presentation 


Although no longer available in the United Kingdom, 
methohexital is still used in a number of other coun- 
tries. The drug has two asymmetrical carbon atoms, 
and therefore four isomers. The -dl isomers are clini- 
cally useful. The drug is presented as a white powder 
mixed with 6% anhydrous sodium carbonate and 
is readily soluble in distilled water. The resulting 1% 
(10mg mL") solution has a pH of 11.1 and pKa of 7.9. 
Single-dose vials of 100 mg and multidose bottles con- 
taining 500 mg or 2.5 are available in some countries. 
Although the solution is chemically stable for up to 
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6 weeks, the manufacturers recommend that it should 
not be stored for longer than 24h because it does not 
contain antibacterial preservative. 


Pharmacology 


Central Nervous System. Unconsciousness is usu- 
ally induced in 15—30s. Recovery is more rapid with 
methohexital than with thiopental, and occurs after 
2-3 min; it is caused predominantly by redistribution. 
Drowsiness may persist for several hours until blood 
concentrations are decreased further by metabolism. 
Epileptiform activity has been demonstrated by EEG 
in epileptic patients. However, in sufficient doses, 
methohexital acts as an anticonvulsant. 


Cardiovascular System. In general, there is less 
hypotension in otherwise healthy patients than occurs 
after thiopental; the decrease in arterial pressure is me- 
diated predominantly by vasodilatation. Heart rate may 
increase slightly because of a decrease in baroreceptor 
activity. The cardiovascular effects are more pronounced 
in patients with cardiac disease or hypovolaemia. 


Respiratory System. Moderate hypoventilation occurs. 
There may bea short period of apnoea after i.v. injection. 


Pharmacokinetics 


A greater proportion of methohexital than thiopental 
is in the un-ionized state at body pH (approximately 
75%), although the drug is less lipid-soluble than the 
thiobarbiturate. Binding to plasma protein occurs to a 
similar degree. Clearance from plasma is higher than 
that of thiopental, and the elimination half-life is con- 
siderably shorter (approximately 4h). Thus, cumul- 
ation is less likely to occur after repeated doses. 


Dosage and Administration 


Methohexital is administered iv. in a dose of 
1-1.5mgkg™ to induce anaesthesia in healthy young 
adult patients; smaller doses are required in the elderly 
and infirm. 


Adverse Effects 


Cardiovascular and respiratory depression. This is 
probably less than that associated with thiopental. 
Excitatory phenomena during induction, including 
dyskinetic muscle movements, coughing and hiccups. 
Muscle movements are reduced by administration of 


an opioid; the incidence of cough and hiccups is re- 
duced by premedication with an anticholinergic agent. 
The incidence of excitatory effects is dose-related. 

Epileptiform activity on EEG in epileptic subjects. 

Pain on injection (Table 3.5). 

Tissue damage after perivenous injection is rare 
with 1% solution. 

Intra-arterial injection may cause gangrene, but 
the risk with 1% solution is considerably less than with 
2.5% thiopental. 

Allergic reactions occur, but are uncommon. 

Thrombophlebitis is a rare complication. 


Indications 


Induction of anaesthesia, particularly when a rapid re- 
covery is desirable. Methohexital was used commonly 
as the anaesthetic agent for electroconvulsive therapy 
(ECT) and for induction of anaesthesia for outpatient 
dental and other minor procedures. 


Absolute Contraindications 


These are the same as for thiopental. 


Precautions 


These are similar to the precautions listed for thiopen- 
tal. However, methohexital is a suitable agent for out- 
patients. It should not be used to induce anaesthesia in 
patients who are known to be epileptic. 


NON-BARBITURATE INTRAVENOUS 
ANAESTHETIC AGENTS 


Propofol 


This phenol derivative was identified as a potentially 
useful intravenous anaesthetic agent in 1980, and be- 
came available commercially in 1986. It has achieved 
great popularity because of its favourable recovery 
characteristics and its antiemetic effect. 


Chemical Structure 


2,6-Di-isopropylphenol (Fig. 3.3). 


Physical Properties and Presentation 


Propofol is extremely lipid-soluble, but almost in- 
soluble in water. The drug was formulated initially in 
Cremophor EL. However, several other drugs formu- 
lated in this solubilizing agent were associated with 
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OH 


(CH,),CH CH(CH3), 


FIGURE 3.3 = Chemical 
(2,6-di-isopropylphenol). 


structure of propofol 


release of histamine and an unacceptably high incidence 
of anaphylactoid reactions, and similar reactions oc- 
curred with this formulation of propofol. Consequently, 
the drug was reformulated in a white, aqueous emulsion 
containing soyabean oil and purified egg phosphatide. 
Ampoules of the drug contain 200mg of propofol in 
20mL (10mgmL`), and 50mL bottles containing 1% 
(10mgmL") or 2% (20mgmL”) solution, and 100 mL 
bottles containing 1% solution, are available for infu- 
sion. In addition, 50mL prefilled syringes of 1 and 2% 
solution are available and are designed for use in target- 
controlled infusion techniques (see below). Recently, a 
0.5% solution has been made available (5 mgmL™ in 
20mL). This produces less pain on injection, and is in- 
tended primarily for use in children. 


Pharmacology 


Central Nervous System. Anaesthesia is induced 
within 20-40s after iv. administration in otherwise 
healthy young adults. Transfer from blood to the sites 
of action in the brain is slower than with thiopental, 
and there is a delay in disappearance of the eyelash 
reflex, normally used as a sign of unconsciousness af- 
ter administration of barbiturate anaesthetic agents. 
Overdosage of propofol, with exaggerated side-effects, 
may result if this clinical sign is used; loss of verbal 
contact is a better end-point. EEG frequency decreases, 
and amplitude increases. Propofol reduces the dura- 
tion of seizures induced by ECT in humans. However, 
there have been reports of convulsions following the 
use of propofol and it is recommended that caution 
be exercised in the administration of propofol to epi- 
leptic patients. Normally cerebral metabolic rate, CBF 
and intracranial pressure are reduced. 


Recovery of consciousness is rapid and there is a 
minimal ‘hangover’ effect even in the immediate post- 
anaesthetic period. 


Cardiovascular System. In healthy patients, arterial 
pressure decreases to a greater degree after induction 
of anaesthesia with propofol than with thiopental; the 
reduction results predominantly from vasodilatation 
although there is a slight negative inotropic effect. In 
some patients, large decreases (>40%) occur. The degree 
of hypotension is substantially reduced by decreasing the 
rate of administration of the drug and by appreciation of 
the kinetics of transfer from blood to brain (see above). 
The pressor response to tracheal intubation is attenuated 
to a greater degree by propofol than thiopental. Heart rate 
may increase slightly after induction of anaesthesia with 
propofol. However, there have been occasional reports of 
severe bradycardia and asystole during or shortly after ad- 
ministration of propofol, and it is recommended that a 
vagolytic agent (e.g. glycopyrronium or atropine) should 
be considered in patients with a pre-existing bradycardia 
or when propofol is used in conjunction with other drugs 
which are likely to cause bradycardia. 


Respiratory System. After induction, apnoea occurs 
more commonly, and for a longer duration, than after 
thiopental. During infusion of propofol, tidal volume 
is lower and respiratory rate higher than in the con- 
scious state. There is decreased ventilatory response to 
carbon dioxide. As with other agents, ventilatory de- 
pression is more marked if opioids are administered. 

Propofol has no effect on bronchial muscle tone 
and laryngospasm is particularly uncommon. The 
suppression of laryngeal reflexes results in a low inci- 
dence of coughing or laryngospasm when a laryngeal 
mask airway or other supraglottic airway device (SAD) 
is introduced, and propofol is regarded by most anaes- 
thetists as the drug of choice for induction of anaes- 
thesia when a SAD is to be used. 


Skeletal Muscle. Tone is reduced, but movements may 
occur in response to surgical stimulation. 


Gastrointestinal System. Propofol has no effect on 
gastrointestinal motility in animals. Its use is associ- 
ated with a low incidence of postoperative nausea and 
vomiting. 
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Uterus and Placenta. Propofol has been used exten- 
sively in patients undergoing gynaecological surgery, 
and it does not appear to have any clinically significant 
effect on uterine tone. Propofol crosses the placenta. 
Its safety to the neonate has not been established and 
its use in pregnancy (except for termination), in ob- 
stetric practice and in breast-feeding mothers is not 
recommended by the manufacturers. 


Hepatorenal. There is a transient decrease in renal 
function, but the impairment is less than that associ- 
ated with thiopental. Hepatic blood flow is decreased 
by the reductions in arterial pressure and cardiac out- 
put. Liver function tests are not deranged after infu- 
sion of propofol for 24h. 


Endocrine. Plasma concentrations of cortisol are de- 
creased after administration of propofol, but a normal 
response occurs to the administration of Synacthen. 


Pharmacokinetics 


In common with other i.v. anaesthetic drugs, propofol 
is distributed rapidly, and blood concentrations de- 
cline exponentially. Clearance of the drug from plasma 
is greater than would be expected if the drug was me- 
tabolized only in the liver, and it is believed that extra- 
hepatic sites of metabolism exist. The kidneys excrete 
the metabolites of propofol (mainly glucuronides); 
only 0.3% of the administered dose of propofol is ex- 
creted unchanged. The terminal elimination half-life 
of propofol is 3—4.8h, although its effective half-life 
is much shorter (30—60 min). The distribution and 
clearance of propofol are altered by concomitant ad- 
ministration of fentanyl. Elimination of propofol re- 
mains relatively constant even after infusions lasting 
for several days. 


Dosage and Administration 


In healthy, unpremedicated adults, a dose of 1.5- 
2.5mgkg™ is required to induce anaesthesia. The 
dose should be reduced in the elderly; an initial dose 
of 1.25mgkg™ is appropriate, with subsequent ad- 
ditional doses of 10mg until consciousness is lost. In 
children, a dose of 3-3.5 mgkg` is usually required; 
the drug is not recommended for use in children less 
than 1 month of age. Cardiovascular side-effects are 
reduced if the drug is injected slowly. Lower doses 


are required for induction in premedicated patients. 
Sedation during regional analgesia or endoscopy may 
be achieved with infusion rates of 1.5-4.5 mgkg` h”. 
Infusion rates of up to 15mgkg'h"™ are required to 
supplement nitrous oxide/oxygen for surgical anaes- 
thesia, although these may be reduced substantially if 
an opioid drug is administered. The average infusion 
rate is approximately 2 mgkg`h ~ in conjunction with 
a slow infusion of morphine (2 mgh”) for sedation of 
patients in ICU. 


Adverse Effects 


Cardiovascular depression. Unless the drug is given 
very slowly, cardiovascular depression following a 
bolus dose of propofol is greater than that associated 
with a bolus dose of a barbiturate and is likely to cause 
profound hypotension in hypovolaemic or untreated 
hypertensive patients and in those with cardiac dis- 
ease. Cardiovascular depression is modest if the drug 
is administered slowly or by infusion. 

Respiratory depression. Apnoea is more com- 
mon and of longer duration than after barbiturate 
administration. 

Excitatory phenomena. These are more frequent 
on induction than with thiopental, but less than with 
methohexital. There have been occasional reports of 
convulsions and myoclonus during recovery from an- 
aesthesia in which propofol has been used. Some of 
these reactions are delayed. 

Pain on injection. This occurs in up to 40% of 
patients (Table 3.5). The incidence is greatly reduced 
if a large vein is used, if a small dose (10 mg) of lido- 
caine is injected shortly before propofol, or if lidocaine 
is mixed with propofol in the syringe (10-20 mg, i.e. 
1-2mL of 1% lidocaine per 20mL of propofol). A 
preparation of propofol in an emulsion of medium- 
chain triglycerides and soya (Propofol-Lipuro®) 
causes a lower incidence of pain, and less severe pain in 
those who still experience it, than other formulations 
(which use long-chain triglycerides) and may obviate 
the need for lidocaine. Propofol 0.5% causes less pain 
than higher concentrations. Accidental extravasation 
or intra-arterial injection of propofol does not appear 
to result in adverse effects. 

Allergic reactions. Skin rashes occur occasionally. 
Anaphylactic reactions have also been reported, but 
appear to be less common than with thiopental. 
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Indications 


Induction of anaesthesia. Propofol is indicated par- 
ticularly when rapid early recovery of conscious- 
ness is required. Two hours after anaesthesia, there 
is no difference in psychomotor function between 
patients who have received propofol and those given 
thiopental or methohexital, but the former experi- 
ence less drowsiness in the ensuing 12h. The rapid 
recovery characteristics are lost if induction is fol- 
lowed by maintenance with inhalational agents for 
longer than 10-15min. The rapid redistribution 
and metabolism of propofol may increase the risks 
of awareness during tracheal intubation after the 
administration of non-depolarizing muscle relax- 
ants, or at the start of surgery, unless the lungs are 
ventilated with an appropriate mixture of inhaled 
anaesthetics, or additional doses or an infusion of 
propofol administered. 

Sedation during surgery. Propofol has been used 
successfully for sedation during regional analgesic 
techniques and during endoscopy. Control of the air- 
way may be lost at any time, and patients must be su- 
pervised continuously by an anaesthetist. 

Total i.v. anaesthesia (see below). Propofol is 
the most suitable of the agents currently available. 
Recovery time is increased after infusion of pro- 
pofol compared with that after a single bolus dose, 
but cumulation is significantly less than with the 
barbiturates. 

Sedation in ICU. Propofol has been used success- 
fully by infusion to sedate adult patients for up to sev- 
eral days in ICU. The level of sedation is controlled 
easily, and recovery is rapid (usually <30 min). 


Absolute Contraindications 


Airway obstruction and known hypersensitivity 
to the drug are probably the only absolute contra- 
indications. Propofol appears to be safe in porphyric 
patients. Propofol infusion syndrome is a rare reac- 
tion to prolonged, high-dose infusion of propofol. It 
is characterized by bradycardia, metabolic acidosis, 
hyperlipidaemia, fatty liver enlargement, rhabdo- 
myolysis and/or heart failure. It is more common in 
children or adolescents, is associated with head injury 
or the use of vasopressors and is often fatal. Therefore, 
propofol should not be used for long-term sedation of 
children (under 16 years of age) in ICU. 


Precautions 


These are similar to those listed for thiopental. The 
side-effects of propofol make it less suitable than thio- 
pental or etomidate for patients with existing cardio- 
vascular compromise unless it is administered with 
great care. Propofol is more suitable than thiopental 
for outpatient anaesthesia, but its use does not obvi- 
ate the need for an adequate period of recovery before 
discharge. 

Solutions of propofol do not possess any antibacte- 
rial properties, and they support the growth of micro- 
organisms. The drug must be drawn aseptically into a 
syringe and any unused solution should be discarded 
if not administered promptly. Propofol must not be 
drawn up or administered via a microbiological filter. 


Etomidate 


This carboxylated imidazole compound was intro- 
duced in 1972. 


Chemical Structure 


p-Ethyl-1-(a-methylbenzyl)-imidazole-5-carboxylate. 


Physical Characteristics and Presentation 


Etomidate is soluble but unstable in water. It is pre- 
sented as a clear aqueous solution containing 35% 
propylene glycol, or in an emulsion preparation 
with medium-chain triglycerides and soya-bean oil 
(Etomidate-Lipuro®). Ampoules contain 20mg of 
etomidate in 10mL (2mgmL"). The pH of the pro- 
pylene glycol solution is 8.1. 


Pharmacology 


Etomidate is a rapidly acting general anaesthetic agent 
with a short duration of action (2-3 min) resulting 
predominantly from redistribution, although it is also 
eliminated rapidly from the body. In healthy patients, 
it produces less cardiovascular depression than does 
thiopental; however, there is little evidence that this 
benefit is retained if the cardiovascular system is com- 
promised (e.g. by severe hypovolaemia). Large doses 
may produce tachycardia. Respiratory depression is 
less than with other agents. 

Etomidate inhibits the 11$-hydroxylase enzyme 
involved in adrenal cortisol synthesis, resulting in re- 
duced synthesis of cortisol by the adrenal gland and an 
impaired response to adrenocorticotrophic hormone. 
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At much higher doses, adrenal 18B-hydroxylase and 
other enzymes are inhibited, thus reducing aldos- 
terone and other steroid hormone synthesis. Long- 
term infusions of the drug in the ICU are associated 
with increased infection and mortality, probably re- 
lated to reduced immunological competence. Its ef- 
fects on the adrenal gland occur also after a single 
bolus, and last for several hours. 


Pharmacokinetics 


Etomidate redistributes rapidly in the body. 
Approximately 76% is bound to protein. It is me- 
tabolized in the plasma and liver, mainly by esterase 
hydrolysis, and the metabolites are excreted in the 
urine; 2% is excreted unchanged. The terminal elimi- 
nation half-life is 2.4-5h. There is little cumulation 
when repeated doses are given. The distribution and 
clearance of etomidate may be altered by concomitant 
administration of fentanyl. 


Dosage and Administration 


An average dose of 0.3 mgkg™ i.v. induces anaesthesia. 
The propylene glycol preparation of the drug should 
be administered into a large vein to reduce the inci- 
dence of pain on injection. 


Adverse Effects 


Suppression of synthesis of cortisol. See above. 

Excitatory phenomena. Moderate or severe invol- 
untary movements occur in up to 40% of patients dur- 
ing induction of anaesthesia. This incidence is reduced 
in patients premedicated with an opioid. Cough and 
hiccups occur in up to 10% of patients. 

Pain on injection. This occurs in up to 80% of pa- 
tients if the propylene glycol preparation is injected 
into a small vein, but in less than 10% when the drug 
is injected into a large vein in the antecubital fossa 
(Table 3.5). The incidence is reduced by prior injection 
of lidocaine 10 mg. The incidence of pain on injection 
has been reported to be as low as 4% when the emul- 
sion formulation is injected. 

Nausea and vomiting. The incidence of nausea 
and vomiting is approximately 30%. This is very much 
higher than after propofol. 

Emergence phenomena. The incidence of severe 
restlessness and delirium during recovery is greater 
with etomidate than barbiturates or propofol. 


Venous thrombosis is more common than with 
other agents if the propylene glycol preparation is 
used. 


Indications 


Etomidate is used usually for patients with a com- 
promised cardiovascular system. It is suitable for 
outpatient anaesthesia. The high incidence of pain 
on injection of the propylene glycol preparation of 
etomidate limited its use to patients in whom depres- 
sion of the cardiovascular system was undesirable, but 
the preparation as an emulsion with medium-chain 
triglycerides has greatly reduced the incidence of pain 
on injection. 


Absolute Contraindications 


m Airway obstruction 

m Porphyria 

= Adrenal insufficiency 

= Long-term infusion in ICU. 


Precautions 


These are similar to the precautions listed for thio- 
pental. Etomidate is suitable for outpatient anaesthe- 
sia. However, the incidence of excitatory phenomena 
is unacceptably high unless an opioid is adminis- 
tered; this delays recovery and is unsuitable for most 
outpatients. 


Ketamine Hydrochloride 


This is a phencyclidine derivative and was intro- 
duced in 1965. It differs from other i.v. anaesthetic 
agents in many respects, and produces dissociative 
anaesthesia rather than generalized depression of 
the CNS. 


Chemical Structure 


2-(o-Chlorophenyl)-2-(methylamino)-cyclohexanone 
hydrochloride. 


Physical Characteristics and Presentation 


Ketamine is soluble in water and is presented as so- 
lutions of 10mgmL" containing sodium chloride to 
produce isotonicity and 50 or 100mgmL" in multi- 
dose vials which contain benzethonium chloride 
0.1mgmL" as preservative. The pH of the solutions is 
3.5-5.5. The pKa of ketamine is 7.5. 
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Pharmacology 


Central Nervous System. Ketamine is extremely lipid- 
soluble. After i.v injection, it induces anaesthesia in 
30-60s. A single i.v. dose produces unconscious- 
ness for 10-15 min. Ketamine is also effective within 
34min after i.m. injection and has a duration of ac- 
tion of 15-25 min. It is a potent somatic analgesic at 
subanaesthetic blood concentrations. Amnesia often 
persists for up to 1h after recovery of consciousness. 
Induction of anaesthesia is smooth, but emergence de- 
lirium may occur, with restlessness, disorientation and 
agitation. Vivid and often unpleasant nightmares or 
hallucinations may occur during recovery and for up to 
24h. The incidences of emergence delirium and hallu- 
cinations are reduced by avoidance of verbal and tactile 
stimulation during the recovery period, or by concomi- 
tant administration of opioids, butyrophenones, ben- 
zodiazepines or physostigmine; however, unpleasant 
dreams may persist. Nightmares are reported less com- 
monly by children and elderly patients. 

The EEG changes associated with ketamine are 
unlike those seen with other i.v. anaesthetics, and con- 
sist of loss of alpha rhythm and predominant theta 
activity. Cerebral metabolic rate is increased in several 
regions of the brain, and CBF, cerebral blood volume 
and intracranial pressure increase. 


Cardiovascular System. Arterial pressure increases 
by up to 25% and heart rate by approximately 20%. 
Cardiac output may increase, and myocardial oxygen 
consumption increases; the positive inotropic effect 
may be related to increased calcium influx mediated by 
cyclic adenosine monophosphate. There is increased 
myocardial sensitivity to adrenaline. Sympathetic 
stimulation of the peripheral circulation is decreased, 
resulting in vasodilatation in tissues innervated pre- 
dominantly by a-adrenergic receptors, and vasocon- 
striction in those with B-receptors. 


Respiratory System. Transient apnoea may occur after 
i.v. injection, but ventilation is well maintained thereaf- 
ter and may increase slightly unless high doses are given. 
Pharyngeal and laryngeal reflexes and a patent airway 
are maintained well in comparison with other i.v. agents; 
however, their presence cannot be guaranteed, and nor- 
mal precautions must be taken to protect the airway and 
prevent aspiration. Bronchial muscle is dilated. 


Skeletal Muscle. Muscle tone is usually increased. 
Spontaneous movements may occur, but reflex move- 
ment in response to surgery is uncommon. 


Gastrointestinal System. Salivation is increased. 


Uterus and Placenta. Ketamine crosses the placenta 
readily. Fetal concentrations are approximately equal 
to those in the mother. 


The Eye. Intraocular pressure increases, although this 
effect is often transient. Eye movements often persist 
during surgical anaesthesia. 


Pharmacokinetics 


Only approximately 12% of ketamine is bound to pro- 
tein. The initial peak concentration after i.v. injection 
decreases as the drug is distributed, but this occurs 
more slowly than with other i.v. anaesthetic agents. 
Metabolism occurs predominantly in the liver by de- 
methylation and hydroxylation of the cyclohexanone 
ring; among the metabolites is norketamine, which is 
pharmacologically active. Approximately 80% of the 
injected dose is excreted renally as glucuronides; only 
2.5% is excreted unchanged. The elimination half-life 
is approximately 2.5h. Distribution and elimination 
are slower if halothane, benzodiazepines or barbitu- 
rates are administered concurrently. 

After i.m. injection, peak concentrations are achieved 
after approximately 20 min. 


Dosage and Administration 


Induction of anaesthesia is achieved with an average 
dose of 2mgkg"™ i.v; larger doses may be required 
in some patients, and smaller doses in the elderly or 
shocked patient. In all cases, the drug should be ad- 
ministered slowly. Additional doses of 1-1.5 mgkg` 
are required every 5-10 min. Between 8 and 10mgkg" 
is used i.m. A dose of 0.25-0.5mgkg™ or an infusion 
of 50pgkg"min™ may be used to produce analgesia 
without loss of consciousness. 


Adverse Effects 


= Emergence delirium, nightmares and hallucinations 

m Hypertension and tachycardia — this may be 
harmful in previously hypertensive patients and 
in those with ischaemic heart disease 


Prolonged recovery 

Salivation — anticholinergic premedication is 
essential 

Increased intracranial pressure 

Allergic reactions — skin rashes have been reported. 


Indications 


The high-risk patient. Ketamine is useful in the 
shocked patient. Arterial pressure may decrease if 
hypovolaemia is present, and the drug must be given 
cautiously. These patients are usually heavily sedated 
in the postoperative period, and the risk of nightmares 
is therefore minimized. 

Paediatric anaesthesia. Children undergoing mi- 
nor surgery, investigations (e.g. cardiac catheteriza- 
tion), ophthalmic examinations or radiotherapy may 
be managed successfully with ketamine administered 
either i.m. or iv. 

Difficult locations. Ketamine has been used suc- 
cessfully at the site of accidents, and for analgesia and 
anaesthesia in casualties of war. 

Analgesia and sedation. The analgesic action of 
ketamine may be used when wound dressings are 
changed, or while positioning patients with pain be- 
fore performing regional anaesthesia (e.g. fractured 
neck of femur). Ketamine has been used to sedate asth- 
matic patients in the ICU. 

Developing countries. Ketamine is used extensively 
in countries where anaesthetic equipment and trained 
staff are in short supply. 


Absolute Contraindications 


m Airway obstruction — although the airway is 
maintained better with ketamine than with 
other agents, its patency cannot be guaranteed. 
Inhalational agents should be used for induction 
of anaesthesia if airway obstruction is anticipated. 

m Raised intracranial pressure. 


Precautions 


Cardiovascular disease. Ketamine is unsuitable for 
patients with pre-existing hypertension, ischaemic 
heart disease or severe cardiac decompensation. 
Repeated administration. Because of the pro- 
longed recovery period, ketamine is not the most 
suitable drug for frequent procedures, e.g. prolonged 
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courses of radiotherapy, as it disrupts sleep and eating 
patterns. 

Visceral stimulation. Ketamine suppresses poorly 
the response to visceral stimulation; supplementation, 
e.g. with an opioid, is indicated if visceral stimulation 
is anticipated. 

Outpatient anaesthesia. The prolonged recovery 
period and emergence phenomena make ketamine 
unsuitable for adult outpatients. 


Other Drugs 


Opioids and benzodiazepines may also be used to in- 
duce general anaesthesia. However, very large doses 
are required, and recovery is prolonged. Their use is 
confined to specialist areas, e.g. cardiac anaesthe- 
sia. The pharmacology of these drugs is described in 
Chapters 5 and 7, respectively. 


INTRAVENOUS MAINTENANCE 
OF ANAESTHESIA 


Indications for Intravenous Maintenance 
of Anaesthesia 


There are several situations in which i.v. anaesthe- 
sia (IVA; the use of an i.v. anaesthetic to supplement 
nitrous oxide) or total i.v. anaesthesia (TIVA) may 
offer advantages over the traditional inhalational 
techniques. In the doses required to maintain clinical 
anaesthesia, i.v. agents cause minimal cardiovascular 
depression. In comparison with the most commonly 
used volatile anaesthetic agents, IVA with propofol 
(the only currently available i.v. anaesthetic with an 
appropriate pharmacokinetic profile) offers rapid re- 
covery of consciousness and good recovery of psycho- 
motor function, although desflurane and sevoflurane 
are also associated with rapid recovery and minimal 
hangover effects. 

The use of TIVA allows a high inspired oxygen con- 
centration in situations where hypoxaemia may other- 
wise occur, such as one-lung anaesthesia or in severely 
ill or traumatized patients, and has obvious advantages 
in procedures such as laryngoscopy or bronchoscopy, 
when delivery of inhaled anaesthetic agents to the 
lungs may be difficult. TIVA may also be used to pro- 
vide anaesthesia in circumstances in which there are 
clinical reasons to avoid nitrous oxide, such as middle- 
ear surgery, prolonged bowel surgery and in patients 
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with raised intracranial pressure. There are few contra- 
indications to the use of IVA, provided that the anaes- 
thetist is aware of the wide variability in response (see 
below). For surgical anaesthesia, it is desirable either to 
use nitrous oxide supplemented by IVA or to infuse an 
opioid in addition to the i.v. anaesthetic. 


Principles of IVA 


The calibrated vaporizer allows the anaesthetist to es- 
tablish stable conditions, usually with relatively few 
changes in delivered concentration of volatile anaes- 
thetic agents during an operation. This is largely be- 
cause the patient tends to come into equilibrium with 
the delivered concentration, irrespective of body size 
or physiological variations; the total dose of drug 
taken up by the body is variable, but is relatively un- 
important, and is determined by the characteristics 
of the patient and the drug rather than by the an- 
aesthetist. The task of achieving equilibrium with i.v. 
anaesthetic agents is more complex, as delivery must 
be matched to the size of the patient and also to the 
expected rates of distribution and metabolism of the 
drug. Conventional methods of delivering iv. agents 
result in the total dose of drug being determined by 
the anaesthetist, and the concentration achieved in 
the brain depends on the volume and rate of distri- 
bution, the relative solubility of the agent in various 
tissues and the rate of elimination of the drug in the 
individual patient. Consequently, there is considerably 
more variability among patients in the infusion rate 
of an i.v. anaesthetic required to produce satisfactory 
anaesthesia than there is in the inspired concentration 
of an inhaled agent. 


Techniques of Administration 
Intermittent Injection 


Although some anaesthetists are skilled in the delivery 
of i.v. anaesthetic agents by intermittent bolus injec- 
tion, the plasma concentrations of drug and the an- 
aesthetic effect fluctuate widely, and the technique is 
acceptable only for procedures of short duration in 
unparalysed patients. 


Manual Infusion Techniques 


The infusion rate required to achieve a predetermined 
concentration of an iv. drug can be calculated if the 
clearance of the drug from plasma is known [infusion 


rate (ugmin')=steady-state plasma concentration 
(ug mL") xclearance (mL min™)]. One of the difficul- 
ties is that clearance is variable, and it is possible only 
to estimate the value by using population kinetics; de- 
pending on the patient’s clearance in relation to the 
population average, the actual plasma concentration 
achieved may be higher or lower than the intended 
concentration. 

A fixed-rate infusion is inappropriate because the 
serum concentration of the drug increases only slowly, 
taking four to five times the elimination half-life of the 
drug to reach steady state (Fig. 3.4). A bolus injection 
followed by a continuous infusion results initially in 
achievement of an excessive concentration (with an 
increased incidence of side-effects), and this is fol- 
lowed by a prolonged dip below the intended plasma 
concentration (Fig. 3.5). In order to achieve a reason- 
ably constant plasma concentration (other than in 
very long procedures), it is necessary to use a multistep 
infusion regimen, a concept similar to that of over- 
pressure for inhaled agents. A commonly used scheme 
for propofol is injection of a bolus dose of 1mgkg" 
followed by infusion initially at a rate of 1Omgkg*h! 
for 10min, then 8mgkg*h! for the next 10min, and 
a maintenance infusion rate of 6mgkgth' thereafter. 
This achieves, on average, a plasma concentration of 
propofol of 3 ug mL", and this is effective in achieving 
satisfactory anaesthesia in unparalysed patients who 
also receive nitrous oxide and fentanyl; higher infusion 
rates are required if nitrous oxide and fentanyl are not 
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FIGURE 3.4 ™ Average blood concentration during the first 


2 hofacontinuous infusion of propofol ata rate of 6mgkg"h". 
Note that, even after 2h, the equilibrium concentration of 
34g mL" has not been achieved. 
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FIGURE 3.5 = Average blood propofol concentration follow- 


ing a bolus dose of propofol followed by a continuous infusion 
of 6mgkg” h”. Note that the target concentration is initially 
exceeded, but that the blood concentration then decreases be- 
low the target concentration, which is not achieved within 2h. 


administered. These infusion rates must be regarded 
only as a guide and must be adjusted as necessary ac- 
cording to clinical signs of anaesthesia. 


Target-Controlled Infusion (TCI) Techniques 


By programming a computer with appropriate phar- 
macokinetic data and equations, it is possible at fre- 
quent intervals (several times a minute) to calculate the 
appropriate infusion rate required to produce a preset 
target plasma concentration of drug. The drug is in- 
fused by a syringe driver. To produce a step increase in 
plasma concentration, the syringe driver infuses drug 
very rapidly (a slow bolus) and then delivers drug at 
a progressively decreasing infusion rate (Fig. 3.6). To 
decrease the plasma concentration, the syringe driver 
stops infusing until the computer calculates that the 
target concentration has been achieved, and then in- 
fuses drug at an appropriate rate to maintain a constant 
level. The anaesthetist is required only to enter the de- 
sired target concentration and to change it when clini- 
cally indicated, in the same way as a vaporizer might be 
manipulated according to clinical signs of anaesthesia. 

The potential advantages of such a system are its 
simplicity, the speed with which plasma concentration 
can be changed (particularly upwards) and avoidance 
of the need for the anaesthetist to undertake any calcu- 
lations (resulting in less potential for error). The actual 
concentration achieved may be >50% greater than or 
less than the predicted concentration, although this is 
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FIGURE 3.6 = Average blood concentrations of propofol 


achieved using a target-controlled infusion system. The nar- 
row vertical lines represent the infusion rate calculated by the 
computer to achieve, and then to maintain, the target concen- 
tration in blood. A target concentration of 3 jig mL" was pro- 
grammed initially. When the target concentration is reset to 
2ugmL”, the infusion is stopped and then restarted at a rate 
calculated to maintain that concentration. The target concen- 
tration is then increased to 3 ug mL”; the infusion pump deliv- 
ers a rapid infusion rate to achieve the target concentration, 
and then gradually decreases the infusion rate to maintain a 
constant blood concentration. 


not a major practical disadvantage provided that the 
anaesthetist adjusts the target concentration according 
to clinical signs relating to adequacy of anaesthesia, 
rather than assuming that a specific target concentra- 
tion always results in the desired effect. 

Using a TCI system in female patients, the tar- 
get concentration of propofol required to prevent 
movement in response to surgical incision in 50% of 
subjects (the equivalent of minimum alveolar concen- 
tration; MAC) was 6ugmL~` when patients breathed 
oxygen, and 4.5 ugmL~” when 67% nitrous oxide was 
administered simultaneously. 

A TCI system for administration of propofol is avail- 
able in many countries. The anaesthetist is required to 
input the weight and age of the patient, and then to select 
the desired target concentration. These devices can be 
used only with prefilled syringes, which contain an elec- 
tronic tag that is recognized by the infusion pump. These 
TCI systems are currently suitable for use only in patients 
over the age of 16 years. Target concentrations selected for 
elderly patients should be lower than those for younger 
adults, in order to minimize the risk of side-effects. 

The TCI infusion pumps assume that the patient is 
conscious when the infusion is started. Consequently 
it is inappropriate to connect and start a TCI system in 
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a patient who is already unconscious, as this results in 
an initial overdose. 

In adult patients under 55 years of age, anaesthesia 
may be induced usually with a target propofol concen- 
tration of 4-8,1gmL"'. An initial target concentration at 
the lower end of that range is suitable for premedicated 
patients. Induction time is usually between 1 and 2 min. 
The brain concentration of propofol increases more 
slowly than the blood concentration, and following in- 
duction it is usually appropriate to reduce the target con- 
centration; target propofol concentrations in the range 
of 3-6,1gmL" usually maintain satisfactory anaesthesia 
in patients who are also receiving an analgesic drug. 

Later versions of the TCI infusion pumps show the 
predicted brain concentration, which may be used as 
a guide to the timing of alterations in the blood target 
concentration. 


Closed-Loop Systems 


Target-controlled infusion systems may be used as 
part of a closed-loop system to control depth of an- 
aesthesia. Because there is no method of measuring 
blood concentrations of i.v. anaesthetics on-line, it is 
necessary to use some type of monitor of depth of an- 
aesthesia (such as the auditory evoked response; see 
Chapter 16) on the input side of the system. 


Adverse Reactions to Intravenous 
Anaesthetic Agents 


These may take the form of pain on injection, venous 
thrombosis, involuntary muscle movement, hiccup, 
hypotension and postoperative delirium. All of these 
reactions may be modified by the anaesthetic technique. 

Hypersensitivity reactions, which resemble the ef- 
fects of histamine release, are more rare and less pre- 
dictable. Other vasoactive agents may also be released. 
Reactions to i.v. anaesthetic agents are caused usually 
by one of the following mechanisms: 

Type I hypersensitivity response. The drug inter- 
acts with specific immunoglobulin E (IgE) antibod- 
ies, which are often bound to the surface of mast cells; 
these become granulated, releasing histamine and 
other vasoactive amines. 

Classic complement-mediated reaction. The classic 
complement pathway may be activated by type II (cell 
surface antigen) or type III (immune complex forma- 
tion) hypersensitivity reactions. IgG or IgM antibodies 
are involved. 


Alternate complement pathway activation. 
Preformed antibodies to an antigen are not necessary 
for activation of this pathway; these reactions may 
therefore occur without prior exposure to the drug. 

Direct pharmacological effects of the drug. These 
anaphylactoid reactions result from a direct effect on 
mast cells and basophils. There may be local cutaneous 
signs only. In more severe reactions, there are signs of 
systemic release of histamine. 


Clinical Features 


In a severe hypersensitivity reaction, a flush may de- 
velop over the upper part of the body. There is usually 
hypotension, which may be profound. Cutaneous and 
glottic oedema may develop and may result in hypo- 
volaemia because of loss of fluid from the circulation. 
Very severe bronchospasm may also occur, although it 
is a feature in less than 50% of reactions. Diarrhoea 
often occurs some hours after the initial reaction. 


Predisposing Factors 


Age. In general, adverse reactions are less common in 
children than in adults. 

Pregnancy. There is an increased incidence of ad- 
verse reactions in pregnancy. 

Gender. Anaphylactic reactions are more common 
in women. 

Atopy. There may be an increased incidence of type 
IV (delayed hypersensitivity) reactions in non-atopic 
individuals, and a higher incidence of type I reactions 
in those with a history of extrinsic asthma, hay fever or 
penicillin allergy. 

Previous exposure. Previous exposure to the drug, 
or to a drug with similar constituents, exerts a much 
greater influence on the incidence of reactions than 
does a history of atopy. 

Solvents. Cremophor EL, which was used as a sol- 
vent for several i.v. anaesthetic agents, was associated 
with a high incidence of hypersensitivity reactions. 


Incidence 

The incidences of hypersensitivity reactions associated 
with i.v. anaesthetic agents are shown in Table 3.6. 
Treatment 


This is summarized in Table 3.7. Appropriate investi- 
gations should be undertaken after recovery to identify 
the drug responsible for the reaction. 
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Drug Incidence 


Methohexital 1:1600-1:7000 Br. J. Anaesth. 93, 725-736. 
Etomidate 1:450 000 
Propofol 1:50 000-100 000 (estimated) 


TABLE 3.7 


Suggested Management of Suspected Anaphylaxis During Anaesthesia 


Aims 


m Correct arterial hypoxaemia 


m Restore intravascular fluid volume 


m Inhibit further release of chemical mediators 


Immediate Management 


1. Stop administration of all agents likely to have caused the anaphylaxis 


. Call for help 


2 
3. Maintain airway, give 100% oxygen and lie patient supine with legs elevated 
4 


. Give adrenaline (adrenaline). This may be given intramuscularly in a dose of 0.5-1 mg (0.5-1 mL of 1:1000) and may be repeated 
every 10 min according to the arterial pressure and pulse until improvement occurs 


Alternatively, 50-100 ug intravenously (0.5-1 mL of 1:10 000) over 1 min has been recommended for hypotension with titration of 
further doses as required 


Never give undiluted adrenaline 1:1000 intravenously 


In a patient with cardiovascular collapse, 0.5-1 mg (5-10 mL of 1:10 000) may be required intravenously in divided doses by 
titration. This should be given at a rate of 0.1 mg min‘! stopping when a response has been obtained 


Paediatric doses of adrenaline depend on the age of the child. Intramuscular adrenaline 1:1000 should be administered as follows: 


>12 years 500 pg i.m. (0.5 mL) 
6-12 years 250 ug i.m. (0.25 mL) 
6 months - 6 years 120 ug i.m. (0.12 mL) 
<6 months 50 ug i.m. (0.05 mL) 


5. Start rapid intravenous infusion of colloids or crystalloids. Adult patients may require 2-4 L of crystalloid 


Secondary Management 


1. Give antihistamines (chlorpheniramine 10-20 mg by slow i.v. infusion) 


2. Give corticosteroids (100-500 mg hydrocortisone slowly i.v.) 


3. Bronchodilators may be required for persistent bronchospasm 


LOCAL ANAESTHETIC AGENTS 


L ocal anaesthetics are analgesic drugs that suppress 
action potentials by blocking voltage-activated sodium 
ion (Na*) channels in excitable tissues. Examples include 
the anaesthetic amides (e.g. lidocaine, bupivacaine, 
ropivacaine) and esters (e.g. cocaine and procaine) 
(Table 4.1). Other drugs which can inhibit voltage- 
activated Na* channels, such as diphenhydramine (a 
first-generation histamine H1 receptor antagonist) 
and amitriptyline (a tricyclic antidepressant) also have 
local anaesthetic properties. The blockade of voltage- 
activated Na* channels accounts for both their analgesic 
effects, mediated through inhibition of action potentials 
in nociceptive neurones, and their systemic effects. The 
inhibition of action potentials in the heart contributes 
to local anaesthetic toxicity and also accounts for the 
antiarrhythmic actions of intravenous lidocaine (a class 
1b antiarrhythmic). Unlike general anaesthetics (the 
pharmacology of which is described in Chs 1 and 2), 
local anaesthetics do not diminish consciousness when 
administered correctly. 

Local anaesthetics block sensation at the site of 
administration by inhibiting action potentials in all 
nociceptive fibres and therefore do not discriminate 
between pain modalities, unlike other analgesic drugs, 
such as the anti-inflammatory agents and opioids. 
Opioid analgesics (morphine, fentanyl, hydrocodone, 
etc.) and other central analgesic drugs such as the 
a -adrenergic agents (clonidine, dexmedetomidine) 
activate metabotropic (G protein-coupled) receptors 
within the membranes of specific neurones located 
within the pain pathway. A component of the ac- 
tions of these drugs is centrally mediated (as described 
in Ch 5). 
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This chapter describes the pharmacology of local 
anaesthetics: their molecular mechanism of action, 
pharmacokinetics, systemic toxicity and recent devel- 
opments which may improve their efficacy and safety. 


MECHANISM OF ACTION OF LOCAL 
ANAESTHETICS 


The primary target of local anaesthetics, the voltage- 
activated Na* channel (VASC) is one of numerous 
membrane proteins which reside in the phospholipid 
bilayers encapsulating neurones (Fig. 4.1). VASCs 
provide selective permeability to Na* when the cell 
becomes depolarized from the resting potential (ap- 
proximately —70 mV), which is maintained in qui- 
escent neurones by the tonic activity of potassium 
ion (K*) channels. Local anaesthetics applied either 
topically to the skin or by infiltration inhibit action 
potentials in primary afferent nociceptive neurones, 
the pain-sensing neurones which transmit to the dor- 
sal horn of the spinal cord (Fig. 4.2). 

Pain transmission begins as a depolarization in 
the nerve ending of the primary afferent neurone 
initiated by the activation of cation channels. When 
the depolarization reaches the threshold for activation 
of VASCs (approximately —45 mV), action potentials 
are generated, resulting in rapid depolarization to 
approximately +20mV (Fig. 4.3). Each action po- 
tential is brief (approximately 2ms) because VASCs 
rapidly inactivate, leading to closure of their inacti- 
vation gates, and at the same time voltage-activated 
K* channels activate, leading to an increase in the 
permeability of the cell membrane to K*. As a result, 
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TABLE 4.1 


The Features of Individual Local Anaesthetic Drugs 


Partition Main use by 
Proper Name/ % Equivalent Relative Coefficient % Protein Anaesthetists 
Formula Concentration" Duration" Toxicity pK, at 36°C Bound in the UK 
Cocaine 1 0.5 Very high 8.7 ? ? Nil 
Benzocaine NA 2 Low NA 132 ? Topical 
Procaine 2 0.75 Low 8.9 31 5.8 Nil 
Chloroprocaine 1 0.75 Low 9.1 17 ? Not available 
Tetracaine 0.25 2 High 8.4 541 76 Topical 
Lidocaine 1 1 Medium 7.8 110 64 Infiltration 
Nerve block 
Epidural 
Mepivacaine 1 1 Medium TF 42 Z7 Not available 
Prilocaine 1 1:5 Low Taf 50 55 Infiltration 
Nerve block 
IVRA 
Ropivacaine 0.25 2-4 Medium 8.1 230 94 Epidural 
Nerve block 
Bupivacaine 0.25 2-4 Medium 8.1 560 95 Epidural 
Spinal Nerve 
block 


“Lidocaine = 1, NA= not applicable (not used in solution), ? = information not available. 
NB: Published figures vary. Strichartz, G.R., Sanchez, V., Arthur, G.R., et al. 1990. Fundamental properties of local anesthetics. Il. Measured 
octanol: buffer partition coefficients and pKa values of clinically used drugs. Anesth. Analg. 71, 158-170. 


the membrane potential travels rapidly back towards 
the K* equilibrium potential and this period is known 
as the after-hyperpolarization, a phenomenon which 
contributes to the refractory period during which it is 
unlikely that another action potential will be gener- 
ated (Fig. 4.3). 


Mechanism of Local Anaesthetic Inhibition 
of the Voltage-Activated Na* Channel 


Local anaesthetics inhibit VASC activity by gaining 
access to the open channel from the inside of the cell 
and binding to specific amino acids lining the channel 
lumen (Fig. 4.1). They bind preferentially to the open 
channel and are therefore said to be use-dependent 
(or open channel) blockers. First, the local anaesthetic 
must cross the cell membrane, a passage which 
requires lipid solubility. The molecule must then 
diffuse into the aqueous environment within the 


ion channel. Amide and ester local anaesthetics pos- 
ses both lipophilic and hydrophilic properties and 
are described as amphipathic (Fig. 4.4). They exist in 
basic (uncharged) and cationic (charged) forms and 
the relative proportion of each (determined using 
the Henderson—Hasselbalch equation) is dependent 
upon the pH of the solution and the pK, of the local 
anaesthetic: 


[Cationic LA] 


K =pH+log———_—— 
ee eTUncharged LA] 


[Cationic LA] 
8s- ee 
[Uncharged LA] 


Local anaesthetics are weak bases and most 
have a pK, of approximately 8.5. Therefore there is 
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FIGURE 4.1 = The topology of the VASC a-subunit. (A) The 
subunit has 24 membrane-spanning segments arranged in four 
domains with positively charged amino acid residues in the fourth 
segment of each domain providing voltage-sensitivity. Pore loops 
between segments five and six line the channel and have negatively 
charged amino acids which attract Na* into the channel’s outer 
vestibule. The intracellular loop between domains three and four 
contains the inactivation gate (or h gate). (B) The four domains 
come together to form a channel. The ancillary B-subunits, which 
modulate channel function, are not shown. 


approximately 10-fold more charged than uncharged 
molecule at physiological pH (~7.5): 


[Cationic LA] 
(0) eee 
j [Uncharged LA] 


[Cationic LA] E 
[Uncharged LA] 


An alkaline solution speeds the onset of analgesia 
by increasing the proportion of uncharged local an- 
aesthetic on the outside of the nerve, resulting in more 
rapid access to the inside of the cell where the balance 
of isoforms re-establishes on the basis of the intracel- 
lular pH. By contrast, infected and inflamed tissue has 
a relatively low (acidic) pH leading to an increase in 


the proportion of the membrane-impermeant cationic 
local anaesthetic component and the requirement for 
higher doses to achieve analgesia. 


THE VOLTAGE-ACTIVATED Na* 
CHANNEL 


Local anaesthetics gain access to their binding site 
within the inner lumen of the VASC when the acti- 
vation gate opens in response to depolarization. The 
VASC is formed by a large protein (the a-subunit) con- 
sisting of 24 membrane-spanning segments arranged 
in four repetitive motifs (Fig. 4.1). The fourth segment 
of each motif is a voltage sensor, a series of positively 
charged amino acids (arginine and lysine residues) ly- 
ing within the membrane. Depolarization causes elec- 
trostatic repulsion of the voltage sensors, providing the 
energy required to open the activation gate (Fig. 4.3). 
Na‘ ions, selected by the filter formed by the four pore 
loops (between the 5th and 6th segments) lining the 
outer vestibule of the channel, are then free to pass 
down their concentration gradient into the cell, gen- 
erating a depolarizing electrical current. However, Na+ 
current is inhibited by local anaesthetic bound within 
the inner vestibule of the channel. The inactivation 
gate, formed by intracellular components of the chan- 
nel, closes rapidly following depolarization (Fig. 4.3) 
and local anaesthetics stabilize the inactivated state. 

There are multiple subtypes of VASCs, named after 
the identity of their a-subunit (Na,1.1—Na,1.9) en- 
coded by one of nine different genes (SCN1A—SCN5A, 
SCN8A-SCN11A) which are differentially expressed in 
tissues throughout the body and which have differing 
pharmacological and biophysical properties. This het- 
erogeneity provides the potential (to date unmet) for 
selectively targeting VASCs in pain-sensing neurones. 
Nociceptive neurones predominantly express Na,1.7, 
Na,1.8 and/or Na,1.9 a-subunits. Mutations in the 
SCN9A gene, which encodes Na,1.7, are associated 
with several pain pathologies. Aspects of systemic tox- 
icity relate to the ability of local anaesthetics to block 
VASCs outside the pain pathway. Cardiac VASCs are of 
the Na, 1.5 subtype and local anaesthetics such as ropi- 
vacaine and levobupivacaine are thought to have less 
systemic toxicity due to their lower affinity for cardiac 
channels. Additional VASC heterogeneity is conferred 
by four genes which encode ancillary §-subunits. 
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FIGURE 4.2 ™ The ascending pain pathway. (A) Peripheral nociceptors in the skin are activated by painful stimuli. Rapid stab- 
bing pain is transmitted by myelinated Ad fibres. Unmyelinated C fibres, activated by inflammatory mediators (e.g. bradykinin 
(BK), serotonin (S-HT), prostoglandins (PG) and histamine (H)) transmit aching pain more slowly. These fibres express TRPV1 
channels activated by both noxious heat and capsaicin. (B) Primary afferent fibres synapse on neurones in the dorsal horn of the 
spinal cord, which transmit pain stimuli to the thalamus. Thalamic neurones project to the cortex. 


PAIN FIBRES 


Different peripheral nerve fibres have differing sensitiv- 
ities to block by local anaesthetics and are classified as 
A, B and C according to their conduction velocities, A 
being the fastest conductors and C the slowest. A8 and 


C fibres both conduct pain (Fig. 4.2). Other subtypes 
of A fibre supply skeletal muscles (a and y) and con- 
duct tactile sensation (8), while type B are pregangli- 
onic autonomic fibres. Ad fibres are heavily myelinated 
and rapidly conduct acute stabbing pain. Myelination 
enables a remarkably high velocity of transmission 
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FIGURE 4.3 


After-hyperpolarization 


Most VASCs are closed at resting membrane potential (—70 mV). Depolarization activates VASCs once the 


threshold potential is reached. Open VASCs enable greater depolarization until channels become inactivated and no longer support 
Na’ influx due to closure of the h-gate. Voltage-activated K* channels (not shown) enable K* efflux leading to hyperpolarization. 


(approximately 20ms7') through a mechanism known 
as saltatory conduction. VASCs are segregated within 
the neuronal membrane of AS fibres at gaps in the 
myelin sheaths (nodes of Ranvier), enabling action po- 
tentials effectively to ‘jump’ from one node to the next. 
AS fibres are of small diameter and therefore have little 
ability to conduct changes in membrane potential once 
VASC activity has been inhibited. This makes them 
particularly sensitive to local anaesthetic block. Unlike 
AS fibres, C fibres are unmyelinated and their velocity 


of conduction from the skin to the spinal cord is rela- 
tively slow (approximately 1ms~'). Local anaesthetics 
effectively block the transmission of dull, aching pain 
mediated by C fibres. The fibre diameter is very small 
(approximately 1 um) and therefore there is little pas- 
sive conduction, making transmission reliant on the ac- 
tivity of VASCs. C fibres are activated by inflammatory 
mediators and therefore the pain resulting from their 
stimulation can also be treated by anti-inflammatory 
agents. 
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FIGURE 4.4 ™ General formula for local anaesthetic drugs. 


LOCAL ANAESTHETIC STRUCTURE 


Local anaesthetics of the amide and ester classes 
share three structural moieties: an aromatic portion, 
an intermediate chain and an amine group (Fig. 4.4). 
The aromatic portion is lipophilic, and lipid solubil- 
ity is further enhanced in local anaesthetics with 
lengthy intermediate chains. The amine group is a 
proton acceptor, providing the potential for both 
charged and uncharged isoforms (i.e. the source of 
the amphipathic nature of local anaesthetics). Amide 
and ester anaesthetics are so named because of their 
distinctive bonds within the intermediate chain. 
Examples of esters are cocaine, procaine, chloro- 
procaine and amethocaine; examples of amides are 
lidocaine, prilocaine, mepivacaine, etidocaine, bupi- 
vacaine, ropivacaine and levobupivacaine. A conve- 
nient mnemonic is that the names of esters contain 
one letter i while those of amides contain two let- 
ters 7s. The presence of either an amide or an ester 
bond dictates the pathway through which the local 
anaesthetic is metabolized and this has important 
implications regarding allergy potential and phar- 
macokinetic profile (described below). Since the 
introduction of cocaine into clinical practice by 
Koller in 1884, numerous local anaesthetics have 
been synthesized, beginning with procaine in 1905. 
Structural modifications influence pharmacokinet- 
ics. For example, replacement of the tertiary amine 
by a piperidine ring increased local anaesthetic lipid 
solubility and duration of action; addition of an ethyl 
group to lidocaine on the a-carbon of the amide 
link created etidocaine; and addition of a propyl 
group or butyl group to the amine end of mepiva- 
caine resulted in [p]ropivacaine and bupivacaine 


respectively. Halogenation of the aromatic ring of 
procaine created chloroprocaine, an ester with faster 
hydrolysis and shorter duration of action. 


PHARMACOLOGICAL PROPERTIES 
OF LOCAL ANAESTHETICS 


A number of important factors influence the pharma- 
cological profile of local anaesthetic drugs (Table 4.1). 
The pK, molecular weight, lipid solubility, protein 
binding and vasoactivity influence speed of onset, 
potency and duration of action. 


m pK, is the pH at which the ionized and non- 
ionized form of a compound is present in equal 
amounts. For basic drugs such as local anaesthet- 
ics, the greater the pK, the greater the ionized 
fraction. As diffusion across the nerve sheath and 
nerve membrane requires non-ionized drug, a 
local anaesthetic with a low pK, has a fast onset 
of action while a high pK, causes a slow onset of 
action. For example, lidocaine (pK, 7.6) has a fast 
onset in comparison with bupivacaine (pK, 8.2), 
because, at pH7.4, 35% of lidocaine exists in the 
non-ionized base form compared to only 20% of 
bupivacaine. 

= Molecular weight influences the rate of transfer of 
drug across nerve membranes and through the 
dura mater. The lower the molecular weight the 
more rapid is the transfer. 

= Lipid solubility, often expressed as the partition 
coefficient, influences potency. The partition 
coefficient is the ratio of aqueous and lipid 
concentrations when a local anaesthetic is in- 
troduced into a mixture of oil- and water-based 
solvents. 

= Protein binding, including local anaesthetic at- 
tachment to protein components of the nerve 
membrane, increases the duration of action of 
a local anaesthetic. In plasma, amide anaesthet- 
ics bind predominantly to a-acid glycoprotein 
(AAG), a high-affinity limited capacity protein, 
and albumin, a low-affinity large capacity pro- 
tein. The bioavailability of anaesthetic is deter- 
mined by the availability of plasma proteins; the 
greater the AAG availability, the greater the bind- 
ing of anaesthetic, and the lower the free plasma 
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concentration. After surgery, trauma or malig- 
nancy, AAG concentrations increase significantly 
and protect patients receiving local anaesthetic 
epidural or perineural infusions from anaesthetic 
toxicity by curbing increases in the free fraction 
of local anaesthetics. 

= Vasoactivity influences potency and duration of 
action. The vasoactivity of commonly used local 
anaesthetics is biphasic with dilatation occur- 
ring with anaesthetic concentrations >0.25% 
and vasoconstriction at concentrations <0.25%. 
When measured by Laser Doppler flowmetry 
in the forearm, the vasoactive potencies occur 
in the order: lidocaine>bupivacaine>levobu- 
pivacaine>ropivacaine. Adrenaline at a dose 
of 1.25ug provides significant vasoconstric- 
tion when administered with bupivacaine and 
levobupivacaine. 


DIFFERENTIAL SENSORY AND 
MOTOR BLOCKADE 


Local anaesthetics provide differential sensory and 
motor block dependent on fibre size. For example 
epidural administration of 0.5% bupivacaine provides 
excellent motor block for Caesarean section, yet ad- 
ministration of 0.1% bupivacaine, often with fentanyl 
2g ml"', can provide analgesia during labour but with 
full lower limb movement. 


PHARMACOKINETICS 
Absorption 


The site, dose and rate of injection, and pharmaco- 
logical properties, with or without addition of adren- 
aline, determine the absorption of a local anaesthetic 
drug from its site of injection. The maximum recom- 
mended clinical doses are shown in Table 4.2. The 
rank order of plasma concentration after injection 
at various sites is: intrapleural>intercostal>lumbar 
epidural> brachial plexus>sciatic>femoral, which 
reflects the vascular supply to these tissues. First- 
pass pulmonary metabolism limits the concentra- 
tion of local anaesthetic which reaches the systemic 
circulation. 


Distribution 


Tissue distribution of local anaesthetics is proportional 
to the lipid solubility of the drug and the blood supply. 
Local anaesthetic drugs are distributed rapidly to brain, 
heart, liver and lungs but more slowly to muscle and fat, 
which have a lower blood supply. The patient’s age, car- 
diovascular status and hepatic function influence tissue 
blood flow. 


Metabolism 


Amide metabolism is dependent on hepatic blood 
flow. Toxicity of amides is more likely with prolonged 
infusions in sick, elderly patients, although the 


TABLE 4.2 


Maximum Doses of Local Anaesthetics Administered as a Bolus 


Plain Plain per kg With Adrenaline With Adrenaline Maximum Dose 
(mg) (mg kg") (mg) (mg kg’) Over 24h (mg) 
2-Chloroprocaine 800 11 1000 mg 13 
Prilocaine 600 8 600mg 8 
Lidocaine 200 3 500mg 
Mepivacaine 400 6 500mg 7 
Bupivacaine 150 2 225mg 3 400 
Levobupivacaine 150 2 400 
Ropivacaine 225 3 800 


Adapted from McLeod GA, Butterworth JF, Wildsmith JAW (2008) Local anesthetic systemic toxicity. In: Cousins, Bridenbaugh, Horlecker, Carr 
(eds) Neural blockade. Lippincott, Williams & Wilkins, Ch 5 pp 114-132. 


postoperative increase in AAG attenuates the rise in 
plasma concentrations. Esters are hydrolysed rapidly 
in plasma by pseudocholinesterase to the metabolite 
para-aminobenzoic acid (PABA), which can generate 
an allergic reaction. Amides are not metabolized to 
PABA and so allergic reactions are very rare. 


Clearance 


Clearance of amide local anaesthetics is dependent on 
hepatic metabolism, and metabolites may accumulate 
in renal failure. Metabolism is fastest in the rank order: 
prilocaine>lidocaine> bupivacaine. 


Placental Transfer 


Protein binding determines the rate and degree of dif- 
fusion of local anaesthetics across the placenta. The 
relative concentration of bupivacaine between umbili- 
cal vein and maternal circulation is 0.3, but fetal toxic- 
ity is dependent primarily on the free fraction of local 
anaesthetic, which is the same in mother and fetus. 


CLINICAL PREPARATION OF LOCAL 
ANAESTHETICS 


Local anaesthetics are presented clinically as hydro- 
chloride salts with pH 5—6 because an alkaline pH de- 
stabilizes local anaesthetic solutions. Alteration of pH 
influences the rate of onset. For example, carbonated 
lidocaine favours the un-ionized molecule and has a 
faster onset of action whereas acidic tissue enhances 
ionization and reduces the onset and efficacy of local 
anaesthetics. 


ENANTIOMER PHARMACOLOGY 


Bupivacaine is a chiral molecule consisting of two 
structurally similar, non-superimposable, mirror images 
called enantiomers (Table 4.3). The nomenclature of 
enantiomers is based on the Cahn-Ingold-Prelog pri- 
ority rules whereby the smallest atom is placed to the 
rear of the central atom about which the molecule ro- 
tates, and the sequence of the remaining three atoms is 
determined. For example, an increase in atomic mass 
in a clockwise direction is indicative of an S (sinistra) 
or laevo enantiomer whereas an increase in atomic 
mass in an anticlockwise direction is indicative of an 
R (rectus) or dextro enantiomer. Levobupivacaine is 
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TABLE 4.3 


Chiral Terminology 
Chirality 


Spatial arrangement of atoms, non- 
superimposable on each other 


Isomer Molecule with the same atomic 
composition but different 
stereochemical formulae and hence 


different physical or chemical properties 


Stereoisomers Identical isomers which differ in the 


arrangement of their atoms in space 


Enantiomer One of a pair of molecules which 
are mirror images of each other and 


non-superimposable 


Racemate An equimolar mixture of a pair of 


enantiomers 


the S (—) or laevo enantiomer of bupivacaine whereas 
ropivacaine is a single enantiomer from the same se- 
ries as bupivacaine, but with a propyl rather than a 
butyl group. 


INDIVIDUAL LOCAL ANAESTHETIC 
PHARMACOLOGY 


Bupivacaine 

Bupivacaine is a chiral compound, used clinically 
for 50 years. Initial benefits of bupivacaine were 
sensory-motor separation and minimal tachyphy- 
laxis, unlike repeated doses of lidocaine. However, 
inadvertent intravenous administration of bupi- 
vacaine may result in systemic toxicity (see Local 
Anaesthetic Toxicity below) although addition of 
adrenaline may reduce this. 


Levobupivacaine 


The laevo enantiomer of bupivacaine with the same 
molecular structure. Potency is less than bupivacaine 
but greater than ropivacaine. Both single enantiomers 
are less toxic than racemic bupivacaine. 


Ropivacaine 


A single enantiomer. Substitution of a propyl for the 
butyl side chain of levobupivacaine confers less lipid 
solubility and greater sensory motor separation. 


64 4 LOCAL ANAESTHETIC AGENTS 


Lidocaine 


This is the most popular local anaesthetic as it is safe, 
rapidly metabolized, and has a short duration of ac- 
tion. Efficacy is enhanced markedly by addition of 
adrenaline. A testament to the relative safety of the 
use of lidocaine is the fact that the drug is used sys- 
temically as a class 1b antiarrhythmic and in the treat- 
ment of chronic pain that is refractory to alternative 
approaches. 


Prilocaine 


This is less toxic than lidocaine, with a high clear- 
ance, attributable to metabolism in lung and 
kidneys and liver. It is associated with methemo- 
globinaemia at doses greater than 600 mg. The best 
application of prilocaine is as a 0.5% concentra- 
tion, the provision of Bier’s block for manipulation 
of wrist fractures. Prilocaine is contained in a eu- 
tectic mixture with lidoacaine (EMLA) for topical 
anaesthesia. A 2% formulation is also available for 
spinal anaesthesia. 


LOCAL ANAESTHETIC TOXICITY 


Early Clinical Reports 


In 1979, Albright reported six cases of cardiac arrest 
without prodromal symptoms secondary to local 
anaesthetic toxicity. Four years later, he presented to 
the U.S. Food and Drug Administration (FDA) 53 
cases of inadvertent intravascular injection of bu- 
pivacaine or etidocaine associated with prolonged 
and difficult resuscitation, 35 during pregnancy, and 
resulting in 24 deaths. The overriding clinical im- 
pression at that time was that toxicity secondary to 
bupivacaine appeared to be considerably out of pro- 
portion to its clinical potency relative to lidocaine, 
and, indeed, changes in anaesthetic practice such as 
needle aspiration, slow incremental injection and 
catheter insertion did much to reduce subsequent 
mortality. 


Scientific Investigations 


Animal studies indicated that the dextro enantiomer 
of bupivacaine was considerably more toxic than the 
laevo enantiomer. In electrophysiology experiments, 


dextro-bupivacaine attenuated the maximum up- 
stroke velocity of the action potential (V „) and 
lengthened action potential duration (APD), and in 
isolated small animal hearts it induced QRS widening, 
increasing both atrioventricular (AV) conduction time 
and arrhythmias. 

In order to mimic inadvertent intravascular 
injection, lidocaine, bupivacaine, ropivacaine and 
levobupivacaine were infused into instrumented, con- 
scious sheep in several studies designed to measure 
the cardiac and cerebral responses to systemic toxic- 
ity. The rank order of local anaesthetic dose needed 
to induce convulsions, arrhythmias, cardiac arrest and 
death was consistently: lidocaine>ropivacaine>le- 
vobupivacaine>bupivacaine. Importantly, arrhyth- 
mias induced by ropivacaine and levobupivacaine 
were more likely to revert to sinus rhythm, indicating 
that resuscitation may be easier in patients receiving 
these drugs. 


Human Volunteer Studies 


Results from animal studies cannot necessarily be 
translated to humans. Therefore, in order to mea- 
sure the cardiovascular effects of local anaesthetics, 
bupivacaine, ropivacaine and levobupivacaine were 
infused into human volunteers in a series of stud- 
ies using cardiac output monitoring until prodromal 
symptoms such as paraesthesiae, visual impairment, 
light-headedness or tinnitus occurred. The rank order 
of reduced ejection fraction was bupivacaine>levobu- 
pivacaine=ropivacaine. Thus, data from animal and 
human volunteer studies suggest that levobupivacaine 
and ropivacaine both exhibit a stereospecific effect on 
cardiac arrhythmogenesis, cardiac mechanical func- 
tion and resuscitation. 


Systemic Toxicity 


Levobupivacaine and ropivacaine were introduced 
into clinical practice because both drugs showed 
equivalent potency for nerve block compared to bu- 
pivacaine but a greater therapeutic index from ani- 
mal studies. However, systemic toxicity still remains a 
problem in clinical practice. Reasons for this include an 
increase in the practice of upper limb block, increased 
surgical use of local anaesthetics in high volumes for 
procedures such as tissue infiltration and tumescent 
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anaesthesia, use of high-concentration compound lo- 
cal anaesthetic mixtures in the United States, inappro- 
priate use of medical devices and administration of 
levobupivacaine and ropivacaine at doses greater than 
those recommended by the manufacturers. 

Upper limb block is associated with a greater 
incidence of toxicity than lower limb or neuraxial 
block. For example, the incidence of convulsions 
secondary to epidural anaesthesia has been esti- 
mated at 1 in 8435, compared to 1 in 827 for ax- 
illary block, and 1 in 130 for supraclavicular and 
interscalene block. Tumescent anaesthesia for lipo- 
suction using doses of lidocaine >50mgkg™ has 
been associated with a mortality rate between 1 in 
5000 to 10000. Deaths have also been reported af- 
ter application of 6-10% lidocaine and tetracaine 
compound local anaesthetic cream with cellophane 
wrapping to the legs before laser hair removal. In 
the UK, three patients died after unintentional 
connection of epidural infusions to intravenous 
lines, also between January 2005 and May 2006, the 
National Patient Safety Agency (NPSA) identified 
more than 346 incidents with epidural infusions 
which resulted in harm to patients. Most impor- 
tantly, introduction of new ‘safer’ local anaesthetic 
drugs has encouraged some practitioners to admin- 
ister higher doses of local anaesthetics than those 
recommended by drug manufacturers, narrowing 
the therapeutic window, and paradoxically increas- 
ing the risk of systemic toxicity. 


Mechanisms of Systemic Toxicity 


Direct injection into the vasculature (especially 
arterial injection in the head and neck) can lead 
to blindness, aphasia, hemiparesis, ventricular ar- 
rhythmias including fibrillation, convulsions, 
respiratory depression, coma or cardiac arrest. 
The most potent local anaesthetics have the high- 
est tendency to cause systemic toxicity. For ex- 
ample, bupivacaine is more toxic than lidocaine. 
Cardiovascular effects are caused by blockade of 
cardiac VASCs and K* channels. Levobupivacaine 
and ropivacaine are thought less likely to interact 
with cardiac VASCs. Convulsions may be caused by 
the blockade of GABA, receptors in the CNS and 
respond to positive modulators of GABA, receptor 


function (barbiturates, propofol and benzodiaz- 
epines). Involvement of mitochondria in local an- 
aesthetic toxicity was proposed when a patient with 
carnitine deficiency showed marked sensitivity to 
a low dose of bupivacaine, suggesting that local 
anaesthetics interfere with mitochondrial energy 
functions. Animal experiments and many case re- 
ports have shown the benefits of Intralipid infusion 
during resuscitation following local anaesthetic- 
induced cardiac arrest. 


MANAGEMENT OF SEVERE LOCAL 
ANAESTHETIC TOXICITY 


Treatment of systemic toxicity is outlined in the guide- 
lines produced by the Association of Anaesthetists of 
Great Britain and Ireland (AAGBI) (Table 4.4). 
Recognition of the prodromal symptoms, such 
as agitation and disruption of sensory perception, is 
essential in order to instigate full life support mea- 
sures. Immediate management should follow the 
Airway, Breathing, Circulation (ABC) mnemonic 
of resuscitation as outlined by the UK Resuscitation 
Council. Seizures should be controlled with small 
doses of thiopental, propofol or midazolam, depend- 
ing on what is at hand. Hypoxaemia, hypercapnia and 
acidosis should be avoided because they all suppress 
myocardial function. If cardiac arrest occurs, cardio- 
pulmonary resuscitation (CPR) should be started us- 
ing standard protocols, but it should be recognized 
that arrhythmias may be very refractory. If so, consid- 
eration should be given to using an intravenous bolus 
dose of 20% Intralipid 1.5 mLkg™ over 1 min followed 
by an infusion of 15mLkghr". If still unresponsive, a 
further two boluses may be given and the infusion rate 
doubled (Table 4.5). The role of adrenaline in lipid- 
based resuscitation from local anaesthetic-induced 
cardiac arrest is the subject of debate and is still to be 
resolved. Several case reports now allude to the success 
of Intralipid in both paediatric and adult resuscitation. 


Prevention of Severe Local Anaesthetic Toxicity 


m Regional blocks should always be performed in 
an area equipped to deal with cardiorespiratory 
collapse, such as an anaesthetic room or block 
room within the theatre suite. 


TABLE 4.4 


Management of Severe Local Anaesthetic Toxicity: AAGBI Safety Guideline 


1 Recognition Sudden alteration in mental status, severe agitation or loss of consciousness, with or without 
tonic-clonic convulsions 
Cardiovascular collapse: sinus bradycardia, conduction blocks, asystole and ventricular 
tachyarrhythmias 


2 Immediate Stop injecting the LA 
management Call for help 

Maintain the airway and, if necessary, secure it with a tracheal tube 
Give 100% oxygen and ensure adequate lung ventilation (hyperventilation may help by increasing 
plasma pH in the presence of metabolic acidosis) 
Confirm or establish intravenous access 
Control seizures: give a benzodiazepine, thiopental or propofol in small incremental doses 
Assess cardiovascular status throughout 
Consider drawing blood for analysis, but do not delay definitive treatment to do this 


3 Treatment In circulatory arrest Without circulatory arrest 
Start cardiopulmonary resuscitation (CPR) Use conventional therapies to treat: 
using standard protocols hypotension, bradycardia, 
Manage arrhythmias using the same tachyarrhythmia 
protocols, recognising that arrhythmias may Consider lipid emulsion 
be very refractory Propofol is not a suitable substitute for lipid 
Consider the use of cardiopulmonary bypass emulsion 
if available 


Consider lipid emulsion 
Continue CPR with lipid emulsion 
Recovery may be >1 hour 


4 Follow-up Arrange safe transfer to a clinical area with appropriate equipment and suitable staff until 
sustained recovery is achieved 
Exclude pancreatitis by regular clinical review, including daily amylase or lipase assays for two days 
Report cases as follows: 
in the United Kingdom to the National Patient Safety Agency (via www.npsa.nhs.uk) 
in the Republic of Ireland to the Irish Medicines Board (via www.imb.ie) 
If lipid has been given, please also report its use to the international registry at www.lipidregistry. 
org. Details may also be posted at www.lipidrescue.org 


Reproduced with permission from AAGBI Safety Guideline Management of severe local anaesthetic toxicity http://www.aagbi.org/publications/ 
guidelines/docs/la_toxicity_ 2010.pdf. 


TABLE 4.5 


Intralipid Doses 


Immediately 

Give an initial intravenous bolus injection of 20% lipid and Start an intravenous infusion of 20% lipid emulsion at 
emulsion 15mLkg"h" 

1.5mLkg™ over 1 min 

After 5 min 

Give a maximum of two repeat boluses (same dose) if: and Continue infusion at same rate, but 

cardiovascular stability has not been restored or an double the rate to 30mLkg"h" at any time after S min, if: 
adequate circulation deteriorates cardiovascular stability has not been restored or an 
Leave 5 min between boluses adequate circulation deteriorates 

A maximum of three boluses can be given (including the Continue infusion until stable and adequate circulation 
initial bolus) restored or maximum dose of lipid emulsion given 


Do not exceed a maximum cumulative dose of 12 mLkg”. 
Reproduced with permission from AAGBI Safety Guideline Management of severe local anaesthetic toxicity http://www.aagbi.org/publications/ 
guidelines/docs/la_toxicity_ 2010.pdf. 


m The age, weight and infirmity of the patient 
should be taken into account, and doses adjusted 
accordingly. 

m Syringes of local anaesthetics and perineu- 
ral and epidural infusions should be labelled 
clearly. Use of premixed sterile solutions is 
encouraged. 

m Gentle aspiration of the syringe should precede 
every injection, but anaesthetists should be aware 
that negative aspiration does not guarantee extra- 
vascular positioning of the needle tip — false nega- 
tives do occur. 

m Both during and after drug administration, the 
anaesthetist must keep talking to the patient. 

= An appropriate test dose should be given depend- 
ing on the situation. For example, a test dose of 
3mL of ‘epidural’ bupivacaine 0.5% (15 mg) in- 
jected accidentally into the intrathecal space will 
provide a definitive outcome — spinal anaesthe- 
sia. In contrast, injection of 0.5 to 1mL during a 
perineural block under ultrasound is usually suf- 
ficient to differentiate between intraneural and 
extraneural injection. 

m Examples of alternative epidural test doses are 
lidocaine 2% or adrenaline 15 ug, but neither test 
is specific or sensitive 

m Ultrasound allows visualization of the position 
of the needle or catheter, their relationship to 
other structures — both nerves and large blood 
vessels — and the spread of local anaesthetic 
solution, although no definitive evidence exists 
yet that its use reduces overall complication 
rates. 


EMERGING LOCAL ANAESTHETIC 
APPROACHES 


Imaging and Local Anaesthesia 


Ultrasound has become an important 2-D tech- 
nique for guiding regional anaesthesia. Direct vi- 
sualization of peripheral nerves, blood vessels and 
muscle is now possible during needle insertion 
both in-plane and out-of-plane of the ultrasonic 
beam. Local anaesthetic is deposited precisely 
around nerves using the hydrolocation technique 
whereby 1-mL boluses of local anaesthetic are used 
to distend connective tissue. The spread of local 
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anaesthetic on a standard ‘B-Mode’ image is rela- 
tively easy to see and is quite distinct from the intra- 
neural swelling characteristic of direct intraneural 
injection in laboratory preparations. However, de- 
spite undoubted improvements in block efficacy, no 
evidence as yet exists to demonstrate that the inci- 
dences of inadvertent intraneural or intravascular 
injection have declined. 


TRP Channels and Pain 


There has been a great deal of recent interest in tar- 
geting ion channels of the transient receptor poten- 
tial (TRP) family to produce analgesia. Noxious heat 
activates TRP channels of the TRPV1 subtype in pri- 
mary afferent nociceptive neurones. TRPV1 channel 
activation triggers the influx of Nat and Ca** ions, 
leading to depolarization and activation of VASCs. 
The resulting action potentials in pain fibres trigger 
the burning pain stimulus (Fig. 4.2). TRPV1 channels 
are also activated by the vanilloid capsaicin, a pun- 
gent substance extracted from chilli peppers. Other 
subtypes of TRP channel (TRPM8 and TRPA1) ap- 
pear to be stimulated by noxious cold. There is in- 
terest in antagonists of TRP channels as potential 
analgesic drugs. Recent studies also demonstrate that 
TRPV1 channels can flux the positively charged qua- 
ternary lidocaine molecule QX-314. The drug is per- 
manently charged and therefore cannot pass across 
the membrane of nociceptive neurones without an 
aqueous passage. Stimulation of TRPV1 channels 
by capsaicin provides a conduit for entry of QX-314 
into pain fibres. Once inside neurones, the charged 
molecule binds to the local anaesthetic binding site 
within VASCs and inhibits action potentials. There 
is interest in this approach for targeting local anaes- 
thesia to nociceptive neurones, thereby increasing the 
selectivity of block. Animal studies demonstrate that 
this method provides prolonged analgesia with much 
less motor block than is caused by equivalent analge- 
sia using lidocaine. 
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ANALGESIC DRUGS 


T he ideal analgesic should relieve pain with a 
minimum of side-effects. When formulating a man- 
agement plan, it is worth considering what contrib- 
utes to pain perception and associated distress. The 
International Association for the Study of Pain (IASP) 
defines pain as ‘an unpleasant sensory and emotional 
experience associated with actual or potential tis- 
sue damage or described in terms of such damage’. 
It is clear from this definition that the degree of tis- 
sue damage and perception of pain are not necessarily 
correlated. Pain perception is a complex phenomenon, 
involving sensory, emotional and cognitive processes. 
Thus, while analgesic drugs can be effective in reliev- 
ing both acute and chronic pain, other factors may also 
need to be addressed. 

There is considerable evidence that patients con- 
tinue to suffer pain, despite a wide range of available 
analgesic drugs. When devising a management plan 
for both acute and chronic settings, using ‘balanced’ 
or ‘multimodal analgesia’ may be helpful. These terms 
refer to the use of combinations of drugs acting by 
different mechanisms or at different sites within the 
pain pathway. Analgesic combinations may be additive 
or synergistic in their mode of action, with resultant 
dose-sparing effects and a reduction in side-effects. 
Effective and repeated assessment of patients is essen- 
tial in determining optimal analgesic management. 


OPIOIDS 


Opioids are the most frequently used analgesics for 
the treatment of moderate to severe pain. Despite this, 
there are still major gaps in our knowledge of their 


clinical pharmacology, with the choice of drug and 
dose being largely empirical. Although they may be 
highly effective, control of dynamic (pain on move- 
ment) or incident (breakthrough) pain may be poor 
and side-effects may be a significant problem. The 
term opioid refers to all drugs, both synthetic and nat- 
ural, that act on opioid receptors. Opiates are natu- 
rally occurring opioids derived from the opium poppy 
Papaver somniferum. The most widely used opioid is 
morphine, although a variety of different opioids are 
available. Incomplete cross-tolerance occurs between 
them, so an alternative should be tried if morphine 
is poorly tolerated. There is increasing evidence 
that in any one individual both analgesic response 
and side effect profile will be, at least partly, due to 
that person's genetic make up. Differences in Single 
Nucleotide Polymorphisms (SNPs) almost certainly 
contribute to this variability in response between dif- 
ferent opioids, with potential candidate genes includ- 
ing ABCB1 (encoding p-glycoprotein, a membrane 
transporter), STAT6 (signal transducer and activator 
of transcription 6) and beta-arrestin (intracellular 
protein involved in receptor internalization). 

Dose conversion between different opioids is an in- 
exact science, with equi-analgesic doses being based on 
relative potencies, often derived from studies that are 
not designed for dose equivalence calculation. Table 5.1 
shows suggested equi-analgesic doses for some opioids. 


Mechanism of Action 


Opioid receptors belong to the G-protein coupled 
family of receptors with seven transmembrane do- 
mains, an extracellular N-terminal and intracellular 
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TABLE 5.1 


Equi-Analgesic Doses of Opioids 
~ EQUI-ANALGESIC DOSE 


Opioid Parenteral Oral 
Morphine Omg 20-30 mg 
Meperidine (pethidine) 00mg 300 mg 
Oxycodone Smg 20-30 mg 
Fentanyl 00 ug NA 
Hydromorphone .5mg 7.5mg 
Methadone -10mg 20mg 
Codeine NA 200mg 


C-terminal. Activation results in changes in enzyme 
activity such as adenylate cyclase or alterations in cal- 
cium and potassium ion channel permeability. 

Opioid receptors were originally classified by phar- 
macological activity in animal preparations, and later 
by molecular sequence. The three main receptors were 
classified as u (mu) or OP3, x (kappa) or OP1 and 6 
(delta) or OP2. Another opioid-like receptor has been 
identified recently; it is termed the nociceptin or- 
phanin FQ peptide receptor. Receptor nomenclature 
has changed several times in the last few years; the cur- 
rent International Union of Pharmacology (IUPHAR) 
classification is MOP (mu), KOP (kappa), DOP (delta) 
and NOP for the nociceptin orphanin FQ peptide re- 
ceptor (Table 5.2). 


Opioid receptors are distributed widely in both 
central and peripheral nervous systems. The differ- 
ent effects of currently available opioids are depen- 
dent on complex interactions at various receptors. 
There is a range of endogenous neuropeptide ligands 
active at these receptors (Table 5.2); they function as 
neurotransmitters, neuromodulators and neurohor- 
mones. The endogenous tetrapeptide endomorphins 
1 and 2 are potent agonists acting specifically at the 
MOP receptor; they play a role in modulating inflam- 
matory pain. 

The analgesic action of morphine and most other 
opioids is related mainly to agonist activity at the MOP 
receptor. Unfortunately, many of the unwanted effects 
of opioids are also related to activity at this receptor. 
At a cellular level, MOP receptor activation has an 
overall inhibitory effect via: (i) inhibition of adenylate 
cyclase; (ii) increased opening of potassium channels 
(hyperpolarization of postsynaptic neurones, reduced 
synaptic transmission); and (iii) inhibition of calcium 
channels (decreases presynaptic neurotransmitter 
release). 


Pharmacodynamic Effects of Opioids 


The ubiquitous nature of opioid receptors implies that 
agents acting at them have wide-ranging effects, some 
of which may be problematic. Some opioids or their 
metabolites also have activity at other receptors, e.g. 
methadone acts at the N-methyl-p-aspartate (NMDA) 
receptor. These particular actions are discussed for 


TABLE 5.2 


Classification of Opioid Receptors as Defined by the International Union of Pharmacology 


Receptor Previous Classifications Endogenous Ligand Site 
MOP Mu; OP3 Endomorphin 1 and 2; met-enkephalin; Peripheral inflammation, pre- and 
dynorphin A and B postsynaptic neurones in spinal cord, 

periaqueduct grey matter, limbic system, 
caudate putamen, thalamus, cerebral cortex 

KOP Kappa; OP1 Dynorphin A and B; B-endorphin Nucleus raphe magnus (midbrain), 
hypothalamus, spinal cord 

DOP Delta; OP2 Leu- and met-enkephalins; B-endorphin Olfactory centres, cerebral cortex, nucleus 


accumbens, caudate putamen, spinal cord 


NOP Orphan; ORL-1 


Orphanin FQ (nociceptin) 


Nucleus raphe magnus, spinal cord, afferent 
neurones 


individual agents below. The more general effects of 
opioids are described in this section. 


Analgesic Action 


Opioids with agonist activity mainly at the MOP re- 
ceptor, and to a lesser extent at the KOP receptor, 
have analgesic effects. Analgesic effects have also been 
demonstrated for the spinal DOP receptor in certain 
situations. 

Opioids should be titrated against pain; if higher 
than necessary doses are given, respiratory depression 
and excessive sedation may result. If the pain is incom- 
pletely opioid-responsive, as may occur with neuro- 
pathic pain, then care must be taken with dose titration 
and a detailed reassessment of analgesic response is es- 
sential. Opioids exert their analgesic effect by: 


m supraspinal effects in the brainstem, thalamus 
and cortex, in addition to modulating descend- 
ing systems in the midbrain periaqueductal grey 
matter, nucleus raphe magnus and the rostral 
ventral medulla 

m inhibitory effects within the dorsal horn of the 
spinal cord both pre- and postsynaptically 

m a peripheral action in inflammatory states, where 
MOP receptors modulate immune function and 
nociceptors are important in regulating periph- 
eral sensitization. 


Central Nervous System 


In addition to analgesia there are several potential cen- 
tral nervous system (CNS) effects of opioids: 

Sedation and sleep. Opioids interfere with rapid- 
eye-movement sleep with changes in the EEG including 
a progressive decrease in EEG frequency and produc- 
tion of delta waves. However, burst suppression is not 
seen, even with large doses. Opioid-related ventilatory 
depression is more common during sleep. Opioid- 
induced sedation may be used therapeutically, e.g. 
critical care setting. There is a dose-related reduction 
in minimum alveolar concentration (MAC) for vola- 
tile anaesthetics, though there is a floor to this effect. 
Opioids alone do not act as reliable anaesthetic agents. 

Mood. Significant euphoria is uncommon when 
opioids are used to treat pain but it occurs frequently 
when they are used inappropriately. Dysphoria 
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(possibly via a KOP receptor action) and hallucina- 
tions can occur. Commonly, the hallucinations are vi- 
sual in nature and may only affect part of the visual 
field. 

Miosis. This is mediated via a KOP receptor effect 
on the Edinger-Westphal nucleus of the oculomotor 
nerve. 

Tolerance (i.e. requirement of increasing doses 
to achieve the same effect) is important clinically be- 
cause a significant number of patients are receiving 
long-term opioid therapy for malignant and chronic 
non-malignant pain; it is also relevant in illicit drug 
use. Additionally, tolerance may develop much more 
acutely, e.g. when opioids are used for pain control be- 
fore surgery or when given intrathecally. However, after 
initial dose titration, the majority of patients on long- 
term opioids are usually maintained on a stable dose. 

Ata cellular level, tolerance is caused by a progressive 
loss of active receptor sites combined with uncoupling 
of the receptor from the guanosine triphosphate (GTP)- 
binding subunit. There is also some evidence that the 
NMDA receptor may play a role in acute tolerance, via 
protein kinase C activity lifting the magnesium block 
at the NMDA site. There may therefore be a rationale 
for using ketamine in situations of acute tolerance, for 
example in the postoperative period. Interactions with 
the NOP receptor may also be important. 

The incomplete cross-tolerance between different 
types of opioids may result from differential activity 
at opioid receptor subtypes. Withdrawal may occur if 
there is abrupt cessation of opioids or if an antagonist 
is given. 

Opioid-induced hyperalgesia. This is a paradoxical 
response where an increase in opioid dose results in 
hyperalgesia. There is good basic science evidence of 
underlying mechanisms, but its importance in clinical 
practice is unclear. It may be part of the spectrum of 
opioid toxicity, or can occur in isolation. It has been 
shown to occur after systemic administration of po- 
tent short acting opioids such as remifentanil. 

Addiction. This is defined as the compulsive use 
of opioids to the detriment of the patient in terms 
of physical, psychological or social function. Drug- 
seeking behaviour is not usually a problem if opioids 
are used appropriately for pain relief in both acute and 
chronic situations. 
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Respiratory 


Opioids may cause respiratory depression, particu- 
larly in the elderly, neonates and when given without 
titrating effect to analgesic response. Tolerance does 
develop to this phenomenon, so it is less of a problem 
in chronic use. However, care must be taken if noci- 
ceptive input is reduced or removed, e.g. after a nerve 
block. Sensitivity to CO, is reduced, even with small 
doses of MOP agonists. This is caused by depression 
of sensitivity of neurones on the ventral surface of the 
medulla. 

Opioids, given at sufficient dose, are effective at 
suppressing the stress response to laryngoscopy and 
airway manipulation. They may reduce the plasma 
concentrations of catecholamines, cortisol and other 
stress hormones by inhibiting the pituitary-adrenal 
axis, reducing central sympathetic outflow and in- 
fluencing central neuroendocrine responses. Opioids 
also suppress cough activity and mucociliary func- 
tion. This may cause inadequate clearing of secre- 
tions and hypostatic pneumonia, especially if there 
is associated sedation and respiratory depression. 
This antitussive activity is, at least in part, mediated 
peripherally. 


Gastrointestinal 


All opioids may cause nausea and vomiting, although 
tolerance develops. This may be mediated both cen- 
trally and peripherally, with a direct effect on the 
chemoreceptor trigger zone in addition to a delay in 
gastric emptying. Opioids increase gastrointestinal 
muscle tone and decrease motility. An increase in bili- 
ary pressure with gallbladder contraction may also oc- 
cur. Constipation occurs commonly via a direct action 
on opioid receptors in the smooth muscle of the gut; 
many patients do not become tolerant to this when 
receiving long-term opioids. 


Cardiovascular 


In normovolaemic patients, the majority of opioids 
have no significant cardiovascular depressant effect. 
However, if histamine is released, then there may be 
tachycardia, decrease in systemic vascular resistance 
and a reduction in arterial pressure. Bradycardia may 
occur in response to some opioids. There is no direct 
action on baroreceptors but a minimal reduction in 
preload and afterload may occur. There is no effect 


on cerebral autoregulation. However, if respiratory 
depression is present, then the resultant increase in 
PaCO, may increase cerebral blood flow. 

Opioids decrease central sympathetic outflow. 
Therefore, in patients who are relying on increased 
sympathetic tone to maintain cardiovascular stability, 
opioids may lead to haemodynamic compromise. This 
may be severe, particularly if potent opioids are given 
by rapid intravenous bolus. 


Other Effects 


Myoclonic jerks may occur if there is opioid toxicity 
and may be associated with sedation and halluci- 
nations. Urinary retention and urgency may occur, 
probably related to a centrally mediated mechanism 
as these problems are much more common when 
neuraxial opioids are used. Pruritus is relatively com- 
mon after neuraxial administration. The nose, face 
and torso are particularly affected and this may be 
reversed by a low dose of a MOP antagonist. Muscle 
rigidity is a recognized complication, particularly 
after intravenous bolus administration of potent 
phenylpiperidines. This may cause significant prob- 
lems with ventilation because of chest wall rigid- 
ity and decreased respiratory compliance. It may be 
minimized by co-administration of opioids with in- 
travenous anaesthetic agents and benzodiazepines, 
reversed by naloxone or prevented by neuromuscular 
blocking agents. Thermoregulation is impaired to a 
similar extent as that seen with volatile agents. With 
long-term use, depression of the immune system may 
occur. Endocrine problems include impaired adrenal 
and sexual function, and infertility. 


Opioid Structure 


The structures of opioid analgesics are diverse, al- 
though for most opioids it is usually the laevorotatory 
(laevo) stereoisomer that is the active compound. The 
structures of some of the common agents are shown 
in Figures 5.1 and 5.2. Agents in current use include 
phenanthrenes (e.g. morphine — Fig. 5.1), phenyl- 
piperidines (e.g. meperidine (pethidine), fentanyl — 
Fig. 5.2) and diphenylpropylamines (e.g. methadone, 
dextropropoxyphene). Structural modification affects 
agonist activity and alters physicochemical properties 
such as lipid solubility. A tertiary nitrogen is necessary 
for activity separated from a quaternary carbon by an 


Diamorphine 
CH,COO 


N-CH, 


CH,COO 


Hydromorphone 
HO 


N-CH 


FIGURE 5.1 


ethylene chain. Chemical modifications that produce 
a quaternary nitrogen significantly reduce potency as 
a result of decreased CNS penetration. If the methyl 
group on the nitrogen is changed, antagonism of an- 
algesia may be produced. 

Other important positions for activity and me- 
tabolism, as seen on the morphine molecule (Fig. 5.1), 
include the C-3 phenol group (the distance of this 
from the nitrogen affects activity) and the C-6 alco- 
hol group. Potency may be increased by hydroxylation 
of the C-3 phenol; oxidation of C-6 (e.g. hydromor- 
phone); double acetylation at C-3 and C-6 (e.g. dia- 
morphine); hydroxylation of C-14 and reducing the 
double bond at C-7/8. Further additions at the C-3 OH 
group reduce activity. A short-chain alkyl substitution 


6-O-Acetylmorphine 
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Naloxone 


The structure of morphine and the phenanthrenes. 


is found in mixed agonist-antagonists, hydroxylation 
or bromination of C-14 produces full antagonists and 
removal or substitution of the methyl group reduces 
agonist activity. 


Pharmacokinetics and Physicochemical 
Properties 


Knowledge of the specific physicochemical proper- 
ties and pharmacokinetics of individual agents is 
important in determining the optimal route of drug 
delivery in order to achieve an effective receptor site 
concentration for an appropriate duration of action. 
All opioids are weak bases. The relative proportion of 
free and ionized fractions is dependent on plasma pH 
and the pK, of the particular opioid. The amount of 
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FIGURE 5.2 ™ The structures of phenylpiperidine opioids. 


opioid diffusing to the site of action (diffusible frac- 
tion) is dependent on lipid solubility, concentration 
gradient and degree of binding. Plasma concentra- 
tions of albumin and q,-acid glycoprotein as well as 
tissue binding determine the availability of the un- 
bound, unionized fraction. This diffusible fraction 
moves into tissue sites in the brain and elsewhere; the 
amount reaching receptors is dependent not only on 
lipophilicity but also on the amount of non-specific 
tissue binding, e.g. CNS lipids. 


The ionized, protonated form is active at the re- 
ceptor site. This has important implications for speed 
and duration of activity. For example, morphine is 
relatively hydrophilic and penetrates the blood-brain 
barrier slowly. However, a large mass of any given 
dose eventually reaches the receptor site because of 
low levels of nonspecific tissue binding. This effect- 
site equilibration time (tk „) is measured by assessing 
the effect of opioids on the EEG. The offset time may 
also be prolonged, resulting in a longer duration of ac- 
tion than would be expected from the plasma half-life. 
Most opioids have a very steep dose-response curve. 
Therefore, if the dose is near the minimum effective 
analgesic concentration (MEAC), very small fluctu- 
ations in plasma or effect-site concentrations may lead 
to large changes in the level of analgesia. 

Opioids tend to have a large volume of distribution 
(Vp) because of their high lipid solubility. A conse- 
quence of this can be that redistribution, particularly 
after a bolus dose or short infusion, can have signifi- 
cant effects on plasma concentrations. In addition, 
first-pass effects in the lung may remove significant 
amounts of drug from the circulation, reducing the 
initial peak plasma concentration. However, the drug 
re-enters the plasma several minutes later. Plasma 
concentrations of opioids such as fentanyl, sufentanil 
and meperidine (pethidine) are affected by this; the 
effect is negligible for remifentanil. Other lipophilic 
amines such as lidocaine and propranolol are affected 
similarly and may reduce pulmonary uptake of co- 
administered opioids. 

After prolonged infusion, significant sequestration 
in fat stores and other body tissues occurs for highly 
lipid-soluble opioids. This is reflected in the ‘context- 
sensitive t? i.e. the time taken for the plasma concen- 
tration to reduce by 50% after an infusion designed 
to maintain constant plasma concentrations has been 
stopped (see Chapter 1). The context-sensitive t, is 
increased after prolonged infusion for most opioids 
apart from remifentanil. For example, the elimination 
t, for fentanyl after bolus administration is 3-5 h, but 
increases to 7-12 h after prolonged infusion. 

Most opioid metabolism occurs in the liver (phase I 
and II reactions) with the hydrophilic metabolites pre- 
dominantly excreted renally, although a small amount 
may be excreted in the bile or unchanged in the urine. 
As a result, hepatic blood flow is one of the major 
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TABLE 5.3 


Metabolism and Excretion of Some Opioids 


Drug Metabolism Faeces Urine 
Morphine Glucuronidation, Trace 90% in 24h (10% morphine; 70% glucuronides; 
sulphation 10% 3-sulphate; 1% normorphine; 3% normorphine 


N-dealkylation 


glucuronide) 


Codeine O-demethylation, Trace 
glucuronidation 


86% in 24h (S-10% codeine; 60% codeine glucuronide; 
5-15% morphine (mainly conjugated); trace 
normorphine) 


Diamorphine O-deacetylation, Trace 


glucuronidation 


80% in 24h (S-7% morphine; 90% morphine 
glucuronides; 1% 6-acetylmorphine; 0.1% diamorphine) 


Buprenorphine 


N-dealkylation unchanged 


Glucuronidation, 70% mainly 


2-13% in 7 days; mainly N-dealkylbuprenorphine (and 
glucuronide); buprenorphine-3-glucuronide 


Meperidine (pethidine) N-demethylation, 


70% in 24h (10% meperidine; 10% normeperidine; 20% 


hydrolysis meperidinic acid; 16% meperidinic acid glucuronide; 
8% normeperidinic acid; 10% normeperidinic acid 
glucuronide; plus small amounts of other metabolites) 
Methadone N-dealkylation 30% 60% in 24h (33% methadone; 43% EDDP; 10% EMDP 
plus small amounts of other metabolites) 
Fentanyl N-dealkylation, 9% 70% in 4 days (5-25% fentanyl; 50% 4-N-(N- 
hydroxylation propionylanilino-piperidine) plus other metabolites) 


EDDP; 2-ethylidine-1,5-dimethyl-3,3-diphenylpyrrolidine 
EMDP; 2-ethyl-5-methyl-3,3-diphenylpyraline 


determinants of plasma clearance. Metabolism of in- 
dividual drugs is shown in Table 5.3. Enterohepatic re- 
circulation may occur when water-soluble metabolites 
excreted in the gut may be metabolized by gut flora to 
the parent opioid and then reabsorbed. Lipid-soluble 
opioids may diffuse into the stomach, become ion- 
ized because of the low pH and then be reabsorbed in 
the small intestine; this results in a secondary peak in 
plasma concentration. 

A summary of physicochemical and pharmaco- 
kinetic properties of some opioids is shown in 
Table 5.4. Metabolism (including production of ac- 
tive metabolites), distribution between different tis- 
sues and elimination all interact within individual 
subjects to produce clinically important actions at 
receptor sites. 

Factors affecting pharmacokinetics include: 


m Age. Systemic dose is often calculated on body 
weight, although there is little evidence to support 
this in adult clinical practice. Age is often more 
important because of both pharmacokinetic 


and pharmacodynamic factors. Metabolism and 
volume of distribution are often reduced in the 
elderly, leading to increased free drug concentra- 
tions in the plasma. Hepatic blood flow may have 
declined by 40-50% by age 75 years, with reduced 
clearance of opioids. Increased CNS sensitivity to 
opioid effects is also found in the elderly. 
Hepatic disease has unpredictable effects, al- 
though there may be little clinical difference 
unless there is coexisting encephalopathy. 
Reductions in plasma protein concentrations 
also have effects on plasma concentrations of free 
unbound drug. 

Renal failure may have significant effects for opi- 
oids with renally excreted active metabolites such 
as morphine, diamorphine and meperidine. 
Obesity will result in a larger V, and prolonged 
elimination t. This may be a particular problem 
if infusions are being used. 

Hypothermia, hypotension and hypovolaemia may 
also result in variable absorption and altered dis- 
tribution and metabolism. 


76 5 


ANALGESIC DRUGS 


TABLE 5.4 


Pharmacokinetic and Physicochemical Properties of Some Opioids 


Protein Octanol:Water Terminal Clearance Volume of Duration of 

Opioid pKa Binding (%) Partition Coefficient Half-Life (h) (mLkg' min`) Distribution (Lkg') Action (h) 
Morphine 7.9 30 6 1.7-3.0 15-20 3-5 3-5 
Oxycodone 8.5 45 3-4 13 2-3 2-4 
Codeine 8.2 20 0.6 2-4 2.5-3.5 
Meperidine 8:5 70 39 3-5 8-18 3-5 2-4 
(pethidine) 
Fentanyl 8.4 90 813 2-4 10-20 3-5 1-1.5 
Alfentanil 6.5 91 128 1-2 4-9 0.4-1 0.25-0.4 
Remifentanil 73 70 18 0.1-0.2 40-60 0.3-0.4 2-5 min 
Sufentanil 8.0 93 1778 2-3.5 10-15 2.5-3 0.8-1.3 
Methadone 83 90 26-57 15-20 2 5 4-8 


Routes of Administration 


Opioids given parenterally have 100% bioavailability 
(see Chapter 1), although peak plasma concentrations 
may be affected by site of administration and haemo- 
dynamic status. Opioids may be given by many routes; 
variations between specific agents are discussed be- 
low. It is unclear how much cross-tolerance exists for 
different routes of administration, e.g. intravenous 
versus epidural. 

The choice of route is dependent on the clinical sit- 
uation and several factors may need to be considered: 


m If there is delayed gastrointestinal transit time, 
the biological half-life may be prolonged with 
orally administered agents. Similarly, if there is 
rapid GI transit time or reduced area for absorp- 
tion, then there may be reduced absorption, par- 
ticularly of long acting agents. 

m Intrathecal administration is associated with 
fewer supraspinal effects, although both urinary 
retention and pruritus may be more common. 
Highly lipid-soluble opioids (e.g. fentanyl) do 
not spread readily in cerebrospinal fluid (CSF). 
It is claimed that they are less likely than water- 
soluble opioids (e.g. morphine) to cause late re- 
spiratory depression due to rostral spread. 

= Dural penetration from epidural administration 
is dependent on molecular size and lipophilicity 


For example, only 3-5% of morphine crosses 
into the CSF, with a peak concentration after 60— 
240 min; fentanyl peaks at approximately 20 min. 


MOP Agonists 


Morphine is the standard opioid against which other 
agents are compared. Other MOP agonists have a 
similar pharmacodynamic profile but differ in relative 
potency, pharmacokinetics and biotransformation to 
other active metabolites. 

Phenylpiperidine opioids (Fig. 5.2) are potent MOP 
receptor agonists with moderate (alfentanil) to high 
(sufentanil) lipid solubility and good diffusion through 
membranes. Both potency and time to reach the effect 
site vary considerably. In contrast to morphine, these 
agents do not cause histamine release. All except remi- 
fentanil may cause postoperative respiratory depression 
as a result of secondary peaks in plasma concentrations. 
This may be caused by release from body stores if large 
doses have been infused intra-operatively. Fentanyl, 
alfentanil and sufentanil are metabolized mainly in 
the liver to inactive metabolites. Very little is excreted 
unchanged in the urine (Table 5.3). 


Morphine 


Morphine is a relatively hydrophilic phenanthrene 
derivative. It may be given orally, rectally, topically, 
parenterally and via the neuraxial route. The standard 


parenteral dose for adults is 10mg, although many 
factors affect this and the dose should be titrated to 
effect. Its oral bioavailability is dependent on first- 
pass hepatic metabolism and may be unpredict- 
able (35-75%). Oral morphine is available either as 
immediate-release liquid, simple tablet or as a modified- 
release preparation. Single-dose studies of morphine 
bioavailability indicate that the relative potency of 
oral:intramuscular morphine is 1:6 although, with 
repeated regular administration, this ratio becomes 
approximately 1:3. The dose of short-acting morphine 
for breakthrough pain should be approximately one- 
sixth of the total daily dose. Morphine has a plasma 
half-life of approximately 3 h and a duration of analgesia 
of 4-6h. 

Morphine is metabolized, at least in part, by micro- 
somal UDP glucuronyl transferases (UDPGT) found 
in the liver, kidney and intestines. Several of these 
metabolites may have clinically significant effects (see 
below). Although morphine conjugation occurs in the 
liver, there is evidence that extrahepatic sites may also 
be important, e.g. kidney, gastrointestinal tract. The 
site of conjugation on the molecule also varies, lead- 
ing to a variety of metabolites (Table 5.3). After gluc- 
uronidation, metabolites are excreted in urine or bile, 
dependent on molecular weight and polarity; more 
than 90% of morphine metabolites are excreted in the 
urine. The main metabolite in humans is morphine-3- 
glucuronide (60-80%) and this may have an excitatory 
effect via CNS actions not related to opioid receptor 
activation. Morphine-6-glucuronide (M-6-G) is active 
at the MOP receptor, producing analgesia and other 
MOP-related effects. It is significantly more potent 
than morphine. Therefore, M-6-G produces signifi- 
cant clinical effects despite only 10% of morphine be- 
ing metabolized in this way. As it is renally excreted, it 
may accumulate in patients with impaired renal func- 
tion, causing respiratory depression. Current evidence 
indicates that accumulation of morphine metabolites, 
especially M-6-G, becomes significant when creatinine 
clearance declines to 50 mL min” or less. 


Diamorphine 

Diamorphine is a prodrug; it is inactive at opioid 
receptors. However, it is converted rapidly to the ac- 
tive metabolites 6-monoacetylmorphine, morphine 
and M-6-G. Further metabolism is similar to that of 
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morphine (Table 5.3) and similar problems may arise 
if there is renal impairment. 

It is available for parenteral and oral use. Diamor- 
phine is more lipid soluble than morphine, affecting 
distribution and tissue penetration. One advantage over 
morphine is in settings where high concentrations are 
required in relatively low volumes, such as palliative 
care. Additionally, when lipid solubility is important in 
regulating site of action (e.g. epidural, intrathecal use), 
some practitioners believe that diamorphine has spe- 
cific advantages over morphine. 


Papaveretum 


This naturally occurring opioid is rarely used now. 
It is a mixture of morphine hydrochloride (253 parts), 
codeine hydrochloride (20 parts) and papaverine hy- 
drochloride (23 parts). There is no oral preparation. 
A dose of 15.4 mg is approximately equivalent to 10 mg 
of anhydrous morphine. 


Hydromorphone 


This potent opioid is used mainly in the palliative care 
setting or in patients who are not opioid naive. It can be 
useful if considering opioid rotation. Hydromorphone 
1.3mg is ~equi-analgesic to morphine 10mg. Both 
immediate- and sustained-release preparations are 
available. 


Meperidine (Pethidine) 

Meperidine (pethidine) is available as parenteral and 
oral preparations. There is no evidence that this opioid 
provides any advantage over morphine, e.g. treatment 
of colic-type pain. It is fairly short acting in terms of 
analgesia, and if repeated doses are given, the metabo- 
lite normeperidine can accumulate (t,,~15h). This is 
a CNS stimulant and can cause seizures, especially if 
there is renal dysfunction. Its clearance is significantly 
reduced in hepatic disease. Chronic use may result in 
enzyme induction and an increase in normeperidine 
plasma concentrations. Its metabolism is decreased by 
the oral contraceptive pill. 

Meperidine has other significant effects related 
to activity at non-opioid receptors. For example, its 
atropine-like action may cause a tachycardia, in ad- 
dition to direct myocardial depression at high doses. 
It was used originally as a bronchodilator. It can also 
reduce shivering related to hypothermia or epidurals, 
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although the mechanism for this is not fully under- 
stood. Meperidine also has a local anaesthetic-like 
membrane stabilizing action. 


Fentanyl 


Fentanyl is available in a variety of preparations for 
parenteral, transdermal and transmucosal (includ- 
ing buccal) administration. Due to high first-pass 
metabolism (~70%) it is not given orally. It is ap- 
prox. 80-100 times more potent than morphine in 
the acute setting, although it is approx. 30—40 times 
as potent when given chronically e.g. slow-release 
transdermal patches. With transdermal adminis- 
tration, the patch and underlying dermis act as a 
reservoir and plasma concentration does not reach 
steady state until approx 15h after initial applica- 
tion. Plasma concentration also declines slowly after 
removal (t, ~15-20 h). 

Fentanyl is very lipophilic with a relatively short 
duration of action. There are several new buccal/ 
transmucosal preparations developed for rapid onset 
breakthrough pain. These aim to have a very rapid 
onset in ~10 minutes, although this may not be the 
case in clinical practice. Fentanyl has a large V, with 
rapid peripheral tissue uptake limiting initial hepatic 
metabolism. This may result in significant variabil- 
ity in plasma concentrations and secondary plasma 
peaks. It binds to a -acid glycoprotein and albumin; 
40% of the protein-bound fraction is taken up by 
erythrocytes. The lung may be important in exert- 
ing a first-pass effect on fentanyl (up to 75% of the 
dose), thus buffering the plasma from high peak drug 
concentrations. 


Alfentanil 


The low pK, of alfentanil (6.9) results in it being largely 
unionized at plasma pH, allowing rapid diffusion to 
the effect site (t k 7 ~1 min) and rapid onset of action. 
Although less lipid-soluble than some opioids, it has 
the most rapid onset time. It does not bind strongly 
to opioid receptors and the effect-site concentration 
also decreases rapidly as plasma concentrations de- 
crease. It is metabolized by one of the most abundantly 
expressed isoforms of hepatic P450 (CYP3 A3/4). 
Genetic variability in the activity of this enzyme may 
result in two- to three-fold variations in pharmaco- 
kinetic values when given by infusion. Low, medium 


or high metabolizers have been identified; this has im- 
plications for duration of action when prolonged use 
is contemplated. 


Sufentanil 


Sufentanil is one of the most potent opioids; it has a 
rapid onset of action after intravenous administration 
and peak analgesic effect is at approximately 8 min. It 
is 625 times more potent than morphine and 12 times 
more potent than fentanyl. However, diffusion to tis- 
sues is slower than alfentanil because, although suf- 
entanil is highly lipid soluble, it is also highly protein 
bound, resulting in low unbound plasma fractions at 
body pH. It has very low levels of non-specific binding 
that may increase potential effect-site concentrations. 
The speed of onset of a large dose is caused by satura- 
tion of receptors and non-specific sites, with potential 
for overdose. One of its metabolites (desmethylsufent- 
anil) is active at the MOP receptor (10% of sufentanil’s 
potency). 


Remifentanil 


Remifentanil is available for parenteral use as a lyo- 
philized white crystalline powder containing glycine. 
It should not be administered epidurally or spinally. 
After being made up in solution, it is stable for 24h. 
This MOP receptor agonist has a similar potency to 
fentanyl and is ~20 times more potent than alfentanil. 
It differs from other opioids in that it has an ester link- 
age, resulting in degradation by tissue and non-specific 
plasma esterases. This process is non-saturable and 
clearance is significantly greater than hepatic blood 
flow. Plasma cholinesterase deficiency does not affect 
clearance. Hepatic and renal dysfunction have no ef- 
fect on clearance also, although increased opioid sen- 
sitivity in hepatic disease may result in a lower dosage 
requirement. Other situations requiring a reduction in 
dose include haemorrhage or shock. Hydrolysis pro- 
duces a carboxylic acid metabolite with limited action 
at the MOP receptor (~1000 times<remifentanil). It 
is not thought to be clinically significant, even in renal 
dysfunction. 

Remifentanil has a rapid blood-brain equilibra- 
tion time of just over 1 min, with a short context- 
sensitive half-time of 3—5 min which is unaffected 
by duration of infusion. This makes it ideally suited 
for infusion during anaesthesia and in the critical 


care setting. It may be titrated rapidly to achieve the 
desired effect. The high clearance and low V, im- 
ply that the offset of effect is caused by metabolism 
rather then redistribution. Hypothermia, such as 
may occur in cardiac surgery, may reduce clearance 
by up to 20%. 

There is some evidence to suggest that acute opi- 
oid tolerance and hyperalgesia may occur after remi- 
fentanil infusions. If high doses are used without 
neuromuscular blockade, muscle rigidity may be a 
problem. It is unlikely to be a problem when using 
a concentration of 100 ugmL ~ or less and an infu- 
sion rate of 0.2-0.5 pg kg min”. Bradycardia has also 
been reported. 


Oxycodone 


This potent semi-synthetic opioid has been in use for 
many years. In addition to actions at the MOP recep- 
tor, it may also have analgesic effects mediated via the 
KOP receptor, resulting in incomplete cross-tolerance 
with morphine. It has a good oral bioavailability, and 
its plasma concentrations are more predictable than 
those of morphine after oral administration. It is avail- 
able in both long- and short-acting oral preparations 
and, more recently, in a parenteral formulation. Oral 
oxycodone is roughly 1.5 times more potent than oral 
morphine. 


Methadone 


Methadone is a diphenylpropylamine. It has very 
good oral bioavailability (~85%) with an oral to 
parenteral ratio of 1:2. Its plasma half-life can be 
very variable (3-50h, average 24h) but its duration 
of action is relatively short. With repeated dosing, 
problems with accumulation can occur because of 
this discrepancy between half-life and analgesic ef- 
fect. Careful monitoring is therefore required when 
converting patients to long-term methadone. Also, 
there is incomplete cross-tolerance with morphine. 
The racemic mixture in common use has agonist ac- 
tions at the MOP receptor (mainly the /aevo-isomer) 
as well as antagonist activity at the NMDA receptor 
(dextro-isomer). Given the importance of this recep- 
tor in central sensitization in a variety of pain states, 
there may be cases where methadone offers particular 
advantages over and above other opioids, e.g. neuro- 
pathic pain. 
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Plasma concentrations of methadone can be re- 
duced by carbamazepine and its metabolism is accel- 
erated by phenytoin. 


Codeine 


Codeine is a constituent of opium. Up to 10% of a dose 
of codeine is metabolized by the hepatic microsomal 
enzyme CYP2D6 to morphine, which contributes sig- 
nificantly to its analgesic effect. The rest is metabolized 
in the liver to norcodeine and then conjugated to pro- 
duce glucuronide conjugates of codeine, norcodeine 
and morphine. Codeine is considerably less potent 
than morphine. Around 8% of Western Europeans 
are deficient in the CYP2D6 enzyme due to genetic 
polymorphism and such individuals may not experi- 
ence adequate analgesia with codeine. Similarly, with 
“super-metabolizers”, there may be problems with 
opioid toxicity. It can cause significant histamine re- 
lease and its intravenous administration should be 
avoided. It has marked antitussive effects and also 
causes significant constipation. It is often combined 
with paracetamol. 


Dihydrocodeine 


Dihydrocodeine is a synthetic opioid developed in the 
early 1900s. Its structure and pharmacokinetics are 
similar to codeine and it is used for the treatment of 
postoperative and chronic pain. Both immediate- and 
sustained-release preparations are available. Despite its 
common use, there are very few clinical trials demon- 
strating efficacy. It has significant abuse potential. 


Tramadol 


Tramadol is thought to produce analgesia by two dis- 
tinct actions. Firstly, it has agonist activity at the MOP 
and KOP receptors. Most of its analgesia is mediated by 
a metabolite - O-desmethyltramadol - that has a 200 
fold higher affinity for the MOP receptor. Secondly, it 
enhances the descending inhibitory systems in the spi- 
nal cord by inhibiting noradrenaline (norepinephrine) 
reuptake and releasing serotonin from nerve endings. 
It is available in immediate- and sustained-release oral 
preparations and for parenteral administration. Its use 
is contraindicated in patients receiving monoamine oxi- 
dase inhibitors (MAOIs). Caution must also be exercised 
in hepatic impairment as its clearance is reduced to a 
much greater extent than morphine and related agents. 
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Mixed Agonist-Antagonist Opioids 

These agents have a ceiling effect for analgesia and 
possibly respiratory depression. They have agonist 
effects at the KOP receptor and weak antagonist ef- 
fects at the MOP receptor. Dysphoria and hallucina- 
tions are relatively common and withdrawal effects 
may occur if given to patients taking MOP agonists. 
Pentazocine may be given orally or parenterally but is 
now rarely used. It may increase pulmonary and aor- 
tic blood pressure and myocardial oxygen demand. 
Hallucinations and dysphoria occur less commonly 
with nalbuphine. 


Partial Agonists 


These agents have high affinity for the MOP receptor 
but limited efficacy (see Chapter 1). A ceiling effect is 
seen in the dose-response curve at less than the maxi- 
mal analgesic effect of full MOP agonists. If given with 
a full MOP agonist, there may be a reduction in the 
maximal analgesic effect. 


Buprenorphine 


This is the only partial agonist in common use. It binds 
to the MOP receptor and dissociates very slowly from 
it. Consequently, although significant respiratory de- 
pression is less likely compared with morphine, it may 
be more difficult to reverse. It has poor oral bioavail- 
ability and parenteral, sublingual or transdermal for- 
mulations are used. In addition to it having a partial 
agonist effect at the MOP receptor, it is also a par- 
tial agonist at the NOP receptor, as well as being an 
antagonist at the KOP receptor. This may contribute to 
some of its analgesic effects. Increasingly it is also used 
(usually in relatively large does up to 24mg day') for 
the management of opioid use, instead of methadone. 


Opioid Antagonists 

Naloxone is a short-acting opioid antagonist that is 
relatively selective for the MOP receptor. It is structur- 
ally similar to morphine, with some modifications re- 
sulting in antagonist activity including an OH group at 
C-14. It can reverse opioid-induced respiratory depres- 
sion but repeated administration may be required be- 
cause of its short duration of action; it can be given by 
continuous infusion. However, sudden and complete 
reversal of the analgesic effects of opioids may be ac- 
companied by major cardiovascular and sympathetic 


responses. Naloxone has a very low oral bioavailability 
(~3%), allowing its use in combination with oxyco- 
done (see below) to reduce gastrointestinal effects. 

Naltrexone is a long-acting opioid antagonist used 
in the management of opioid dependence. It is avail- 
able only in oral formulation. 


New Developments in Opioid Pharmacology 


There is considerable interest in developing opioid an- 
algesics with an improved side effect profile, and there 
are some promising recent developments in this area. 
It has been recognized that by using agents which act 
on more than one type of opioid receptor there may 
be beneficial effects (see Fig. 5.3) Some recently devel- 
oped agents include: 


m Oxycodone/Naloxone (Targinact®). This drug 
combination utilizes a fixed ratio of oxycodone 
and naloxone (2:1). The oral naloxone has a 
greater affinity for opioid receptors in the gut 
than oxycodone and therefore preferentially 
binds to these receptors. As a result, gastrointes- 
tinal side effects may be reduced, without any ef- 
fect on the central analgesic effect of oxycodone. 

= Tapentadol. The analgesic effect of this agent 
is due to actions at several receptors, including 
the MOP receptor. It is much more potent at 
the MOP receptor than tramadol and also has 
a strong action in inhibiting noradrenaline 
reuptake. Preliminary evidence is that it is equi- 
analgesic to oxycodone, but has reduced gastro- 
intestinal side effects. 

= MoxDuo® is a novel opioid combination of 
morphine and oxycodone in a 3:2 ratio, with 
promising evidence of at least 50% decrease in 
clinically significant side effects such as nau- 
sea, vomiting, and dizziness when compared to 
either opioid alone. This seems to be achieved 
by the need to use lower doses of both mor- 
phine and oxycodone to reach an equivalent 
analgesic effect. 


PARACETAMOL 


Paracetamol (acetaminophen) was first used in 1893 
and is the only remaining p-aminophenol available 
in clinical practice. It is the active metabolite of the 
earlier, more toxic drugs acetanilide and phenacetin. 
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FIGURE 5.3 ™ Schemtic representation of the potential clinical advantages of using bivalent ligands, with the various combina- 
tions of pharmacophores (antagonists and agonists). (Adapted from Dietis N, et al. British Journal of Anaesthesia 2009; 103:38-49.) 
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FIGURE 5.4 ® The structures of paracetamol and aspirin. 


Its structure is shown in Figure 5.4. Paracetamol is 
an effective analgesic and antipyretic but has no anti- 
inflammatory activity. In recommended doses, it is 
safe and has remarkably few side-effects. 


Mechanism of Action 


The mechanism of action of paracetamol is not well 
understood but it may act by inhibiting prostaglan- 
din synthesis in the central nervous system with lim- 
ited effect on the peripheral nervous system. Unlike 
opioids, paracetamol has no well-defined endo- 
genous binding sites. There is however some recent 


evidence that paracetamol has an inhibitory action 
on peripheral prostaglandin synthesizing cyclo- 
oxygenase enzymes, inhibiting both isoforms in cer- 
tain tissues. In some circumstances it may exhibit 
a preferential effect on cyclo-oxygenase 2 (COX-2) 
inhibition. There is growing evidence of a central 
antinociceptive effect of paracetamol. It has also 
been shown to prevent prostaglandin production at 
cellular transcriptional level, independent of COX 
activity. 


Pharmacokinetics 


Paracetamol is absorbed rapidly from the small intes- 
tine after oral administration; peak plasma concentra- 
tions are reached after 30-60 min. It may also be given 
rectally and intravenously (either as paracetamol or 
the prodrug proparacetamol). It has good oral bio- 
availability (70-90%); rectal absorption is more vari- 
able (bioavailability ~50-80%) with a longer time to 
reach peak plasma concentration. The plasma half-life 
is approx. 2-3 h. 

Paracetamol is metabolized by hepatic micro- 
somal enzymes mainly to the glucuronide, sulphate 
and cysteine conjugates. None of these metabolites is 
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pharmacologically active. A minimal amount of the 
metabolite N-acetyl-p-amino-benzoquinone imine 
is normally produced by cytochrome P450-mediated 
hydroxylation. This reactive toxic metabolite is ren- 
dered harmless by conjugation with liver glutathione, 
then excreted renally as mercapturic derivatives. With 
larger doses of paracetamol, the rate of formation of 
the reactive metabolite exceeds that of glutathione 
conjugation, and the reactive metabolite combines 
with hepatocellular macromolecules, resulting in cell 
death and potentially fatal hepatic failure. The forma- 
tion of this metabolite is increased by drugs inducing 
cytochrome P450 enzymes, such as barbiturates or 
carbamazepine. 


Pharmacodynamics 


Paracetamol has been shown to be effective in both 
acute and chronic settings and is available for oral or 
intravenous use. It is an effective postoperative an- 
algesic but probably less effective than NSAIDs in 
many situations. It may reduce postoperative opi- 
oid requirements by up to 30%. The combination of 
paracetamol with an NSAID also improves efficacy. 
Paracetamol is also a very effective antipyretic. This is 
a centrally mediated effect. 


Overdose and Hepatic Toxicity 


In overdose, there is the potential for the toxic metabo- 
lite described above to cause centrilobular hepatocel- 
lular necrosis, occasionally with acute renal tubular 
necrosis. The threshold dose in adults is ~10-15 g. 
Accidental overdosage can occur if combined prepa- 
rations such as co-codamol are used together with 
paracetamol. Doses of more than 150mgkg™ taken 
within 24h may result in severe liver damage, hypo- 
glycaemia and acute tubular necrosis. Individuals tak- 
ing enzyme-inducing agents are more likely to develop 
hepatotoxicity. 

Early signs include nausea and vomiting, followed 
by right subcostal pain and tenderness. Hepatic dam- 
age is maximal 3—4 days after ingestion, and may lead 
to liver failure and death. Treatment consists of gas- 
tric emptying and the specific antidotes methionine 
and acetylcysteine. The former offers effective pro- 
tection up to 10-12h after ingestion. Acetylcysteine 
is effective within 24h and perhaps beyond. The 
plasma paracetamol concentration related to time 


from ingestion indicates the risk of liver damage. 
Acetylcysteine is given if the plasma paracetamol con- 
centration is >200 mg L~ at 4h and 6.25mgL" at 24h 
after ingestion. 


NON-STEROIDAL ANTI- 
INFLAMMATORY DRUGS 


The analgesic, anti-inflammatory and antipyretic 
effects of salicylates, derived from the bark of 
the willow tree, were described as early as 1763. 
Acetylsalicylic acid (aspirin) was first produced in 
1853 (Fig. 5.4). More recently, many other NSAIDs 
have been developed with actions similar to aspirin. 
Perioperative analgesia using NSAIDs is free from 
many of the adverse effects of opioids, such as respir- 
atory depression, sedation, nausea and vomiting and 
gastrointestinal stasis. NSAIDs have been shown to be 
effective analgesics in acute and chronic conditions, 
although significant contraindications and adverse 
effects limit their use. 


Mechanism of Action 


The mechanism of action of aspirin was discovered 
in the 1970s. It was shown to irreversibly inhibit the 
production of prostanoids (i.e. prostaglandins and 
thromboxanes) from arachidonic acid released from 
phospholipids in cell membranes (Fig. 5.5). The basal 
rate of prostaglandin production is low and regulated 
by tissue stimuli or trauma that activate phospho- 
lipases to release arachidonic acid. Prostaglandins are 
then produced by the enzyme prostaglandin endoper- 
oxide synthase which has both cyclo-oxygenase and 
hydroperoxidase sites. At least two subtypes of cyclo- 
oxygenase enzyme have been identified in humans: 
COX-1 and COX-2. The prostanoids produced by 
COX-1 are functionally active in many areas, including 
the gastrointestinal tract, kidney, lung and cardiovas- 
cular systems. By contrast, the functional COX-2 en- 
zyme is normally found less widely, e.g. brain, spinal 
cord, renal cortex, tracheal epithelium and vascular 
endothelium. However, COX-2 mRNA is widely dis- 
tributed. In response to specific stimuli, especially 
those associated with inflammation, the expression 
of COX-2 isoenzyme is induced or upregulated, lead- 
ing to increased local production of prostaglandins. 
A range of specific prostanoid receptors (e.g. EP1-4) 


n Membrane phospholipases |; —>AA 
Viocp, 
F 


NON-STEROIDAL ANTI-INFLAMMATORY DRUGS 83 


ase 
C) 


e.g. Leukotrienes 


e.g. œ-Hydroxy fatty acids 


v Yy 
AA AA 
COX-1 SZ © NZ © i 
-1XK<— NSAIDs COX-2 3&<— Coxibs 
NSAIDs 
Yy v 
PGG,/PGH, PGG,/PGH, 
Y y 
TXs/PGs TXs/PGs 


Homeostatic functions ;, u Inflammation 


FIGURE 5.5 


are involved in peripheral sensitization associated with 
inflammation. 

NSAIDs also have central effects as cyclo-oxygenases 
are widely distributed in both the peripheral and cen- 
tral nervous systems. NSAIDs may also have other 
mechanisms of action independent of any effect on 
prostaglandins, including effects on basic cellular and 
neuronal processes. NSAIDs are ‘non-selective’; they 
inhibit both COX-1 and COX-2. 


Pharmacokinetics 


All NSAIDs are rapidly absorbed. They are weak 
acids and are therefore mainly unionized in the 
stomach where absorption can occur. When given 
orally, most absorption occurs in the small intes- 
tine because the absorptive area of the microvilli 
of the small intestine is much more extensive. Most 
have pK, values lower than 5 and are therefore 99% 
ionized at a pH value greater than 7. Most are al- 
most insoluble in water at body pH, although the 
sodium salt (diclofenac sodium, naproxen sodium) 
is more soluble. Ketorolac trometamol is the most 
soluble and can be given intravenously as a bolus 
and intramuscularly with less chance of significant 
irritation. 


Arachidonic acid metabolism. AA=arachidonic acid, COX=cyclo-oxygenase, PG=prostaglandin, TXs=thromboxanes. 


Most NSAIDs are highly protein bound (90-99%), 
with low volumes of distribution (approx. 0.1- 
0.2Lkg"). The unbound fraction is active. NSAIDs 
may potentiate the effects of other highly protein- 
bound drugs by displacing them from protein-binding 
sites (e.g. oral anticoagulants, oral hypoglycaemics, 
sulphonamides, anticonvulsants). 

NSAIDs are mostly oxidized or hydroxylated and 
then conjugated and excreted in the urine. A few have 
active metabolites. For example, nabumetone is me- 
tabolized to 6-methoxy-2-naphthyl acetic acid, which 
is more active than the parent drug. 

The interaction between NSAID and cyclo-oxygenase 
enzyme is often complex and plasma half-life may not re- 
flect pharmacodynamic half-life. Diclofenac has a termi- 
nal half-life of 1-2 h. It is conjugated to glucuronides and 
sulphates, with 65% being excreted in the urine and 35% 
in the bile. The metabolites are less active than the parent 
compound. Ketorolac trometamol has a terminal half-life 
of 5h and more than 90% is excreted renally. Naproxen 
has a terminal half-life of 12—-15h and is excreted almost 
entirely through the kidney as the conjugate. Tenoxicam 
is cleared mainly through the urine as the inactive hy- 
droxypyridyl metabolite, although approximately 30% is 
via biliary excretion as the glucuronide. 
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Pharmacodynamics 


NSAIDs are very effective analgesics, although their 
use is limited by adverse effects due to their general 
effect on prostanoid synthesis and the ubiquitous 
nature of prostanoids. Generally, the risk and sever- 
ity of NSAID-associated side-effects is increased in 
the elderly population or those with other significant 
co-morbidity. 


Analgesia 


NSAIDs have well-demonstrated efficacy both as post- 
operative analgesics and in chronic conditions such as 
rheumatoid and osteoarthritis. They can have signifi- 
cant opioid-sparing effects. NSAIDs are insufficient 
alone for severe pain after major surgery but are valu- 
able as part of a multimodal analgesic regimen. 


Gastrointestinal System 


The gastric and duodenal epithelia have various pro- 
tective mechanisms against acid and enzyme attack, 
and many of these involve prostaglandin production 
via a COX-1 pathway. Acute and particularly chronic 
NSAID administration can result in gastroduodenal 
ulceration and bleeding; the latter is exacerbated by 
the antiplatelet effect. 


Platelet Function 


Platelet COX-1 is essential for the production of the cy- 
clic endoperoxides and thromboxane A, that mediate 
the primary haemostatic response to vessel injury by 
producing vasoconstriction and platelet aggregation. 
Aspirin acetylates COX-1 irreversibly, whereas other 
NSAIDs do so in a reversible fashion. This can result 
in prolonged bleeding times and increased periopera- 
tive blood loss has been reported in some studies. The 
presence of a bleeding diathesis or co-administration 
of anticoagulants may increase the risk of significant 
surgical blood loss. 


Renal Function 


Renal prostaglandins have many physiological roles, 
including the maintenance of renal blood flow and 
glomerular filtration rate in the presence of circulat- 
ing vasoconstrictors, regulation of tubular electrolyte 
handling and modulation of the actions of renal hor- 
mones. NSAIDs can adversely affect renal function. 
High circulating concentrations of the vasoconstrictors 


renin, angiotensin, noradrenaline (norepinephrine) 
and vasopressin increase production of intrarenal va- 
sodilators including prostacyclin, and renal function 
may be particularly sensitive to NSAIDs in these situ- 
ations. Co-administration of other potential nephro- 
toxins, such as gentamicin, may increase the likelihood 
of renal toxicity. 


Aspirin-Induced Asthma 


Aspirin-induced asthma may affect up to 20% of 
asthmatics; it may be severe and there is often cross- 
sensitivity with other NSAIDs. Patients with coexisting 
chronic rhinitis and nasal polyps appear to be at most 
risk. A history of aspirin-induced asthma is a contra- 
indication to NSAID use after surgery. There is no rea- 
son to avoid NSAIDs in other asthmatics if previous 
exposure has not been associated with bronchospasm. 
However, patients should be warned of potential prob- 
lems and advised to stop taking them if their asthma 
worsens. The mechanism of this problem is unclear; it 
may be that cyclo-oxygenase inhibition increases ara- 
chidonic acid availability for production of inflamma- 
tory leukotrienes by lipo-oxygenase pathways. 


Contraindications 


Specific contraindications to NSAID administration 
include a history of a bleeding diathesis, peptic ulcer- 
ation, significant renal impairment or aspirin-induced 
asthma. Care should be taken in high-risk groups, such 
as the elderly, those with cardiovascular disease and 
the dehydrated. 


COX-2-SPECIFIC INHIBITORS 


These drugs are anti-inflammatory analgesics that 
reduce prostaglandin synthesis by specifically inhibit- 
ing COX-2 with little or no effect on COX-1 (relative 
specificity varies between drugs). They were developed 
as an alternative to traditional NSAIDs with the aim of 
avoiding COX-1-mediated side-effects, primarily gas- 
tric ulceration and platelet effects. 


Mechanism of Action 

The mechanism of action is similar to that of NSAIDs 
(Fig. 5.4). Both COX-1 and COX-2 enzymes have 
very similar active sites and catalytic properties, al- 
though COX-2 has a larger potential binding site 


because of a secondary internal pocket. This has al- 
lowed design of drugs to target predominantly COX-2. 
COX-2 is induced at sites of inflammation and trauma, 
producing prostaglandins, and these drugs, inhibit this 
process. However, COX-2 is an important constitutive 
enzyme in the CNS, including the spinal cord, and 
inhibition at this site is thought to be an important 
mechanism also. 


Pharmacodynamics 
Analgesia 


Systematic reviews and meta-analyses indicate similar 
efficacy to NSAIDs in both acute postoperative pain 
and for chronic conditions such as osteoarthritis. 
Agents are available orally (e.g. celecoxib, etoricoxib, 
valdecoxib) and parenterally (parecoxib). 


Gastrointestinal 


One of the commonest side-effects of NSAIDs is gas- 
trointestinal toxicity. Approximately 1 in 1200 patients 
receiving chronic NSAID treatment (>2 months) die 
from related gastroduodenal complications. COX-1 
isoenzyme is the predominant cyclo-oxygenase found 
in the gastric mucosa. The prostanoids produced here 
help to protect the gastric mucosa by reducing acid 
secretion, stimulating mucus secretion, increasing 
production of mucosal phospholipids and bicarbon- 
ate and regulating mucosal blood flow. Specific COX-2 
inhibitors have less effect on these processes. 

Short- to medium-term treatment with specific 
COX-2 inhibitors (up to 3 months) is associated with a 
significant reduction in the incidence of gastroduode- 
nal ulceration. However, this effect is reduced during 
prolonged treatment and in patients taking low-dose 
aspirin. It is likely that the degree of COX-2 specificity 
is related to the efficacy of gastric protection. 


Haematological 


COX-2-specific agents have very little adverse effect 
on platelet function. This is potentially advantageous 
when compared with NSAIDs with respect to peri- 
operative or gastrointestinal bleeding. 


Cardiovascular 


Some large long-term studies of COX-2 inhibitors 
have found an increased risk of cardiovascular events 
(e.g. myocardial infarction, stroke) compared with 
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traditional NSAIDs and placebo. This has led to the 
recommendation that they should not be used in pa- 
tients with ischaemic heart or cerebrovascular disease 
and that their use in others should be guided by indi- 
vidual risk assessments for each patient. Some drugs 
have been withdrawn. A similar phenomenon has been 
reported when some of these drugs have been used af- 
ter coronary artery bypass surgery. An increased risk 
of myocardial events may not be confined to COX-2 
inhibitors — there is some evidence for increased risk 
with general NSAIDs. 

The mechanism of this adverse outcome is under 
investigation. However, it may be that COX-2 specifi- 
city itself is the cause. COX-2 is present in vessel endo- 
thelium where it produces prostacyclins which inhibit 
platelet function and cause vasodilatation. Inhibition 
of COX-2 at this site may increase the likelihood of 
thrombus formation and occlusion, and therefore 
myocardial infarction and stroke. NSAIDs inhibit 
COX-2 in addition but they also inhibit COX-1 which 
causes significant impairment of platelet function. 
Therefore, the combined effect of NSAIDs is such that 
the risk of adverse cardiovascular and cerebrovascular 
events is not increased; in fact, the incidence may be 
decreased (certainly true for low-dose aspirin). 


Renal 


COX-2 is normally found in the renal cortex and is 
therefore inhibited both by conventional NSAIDs and 
COX-2 inhibitors. There is the potential both for pe- 
ripheral oedema and hypertension, as well as direct 
effects on renal excretory function with oliguria and 
decreased creatinine clearance. 


KETAMINE 


Ketamine (2-chlorophenyl-2-methylaminocyclohexanone 
hydrochloride) is an anaesthetic agent that has an- 
algesic actions at low doses. It is structurally similar to 
phencyclidine. It is available in parenteral formulation 
in a variety of concentrations (10-100 mgmL"). It is 
normally presented as a racemic mixture, although the 
S(+) isomer is available in some countries and may 
have an improved therapeutic index. This isomer may 
be administered orally but bioavailability is relatively 
low and unpredictable. If given by the epidural route, 
the preservative-free formulation must be used. 
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Mechanism of Action 


The main analgesic effect of ketamine is likely to be 
mediated via antagonism at a specific glutamate recep- 
tor, the NMDA receptor. This receptor plays a role in 
central sensitization of the spinal cord, although its 
ubiquitous distribution in the CNS accounts for side- 
effects that often limit its use. The NMDA receptor is 
important in the mechanisms of neuropathic pain, 
both acutely and chronically, and may be involved in 
opioid tolerance. 


Pharmacokinetics 


Ketamine is water soluble, forming an acidic solu- 
tion (pH=3.5-5.5). It is ~45% unionized at body pH 
and rapidly distributed across the blood-brain bar- 
rier. It is mainly metabolized in the liver by mixed 
function oxidases, and has an elimination half-life of 
~200 min. Its main metabolite is norketamine, which 
is excreted renally and has some limited activity. 
Other metabolites include hydroxynorketamine and 
hydroxyketamine glucuronide. Ketamine has a vol- 
ume of distribution of 2.9-3.1 Lkg™ and clearance of 
~20mLkg™ min”. 


Pharmacodynamics 


Low-dose ketamine has analgesic effects in both acute 
and chronic pain. It appears to have an opioid-sparing 
effect in the postoperative setting, and there is evidence 
from systematic reviews of its efficacy for neuropathic 
pain. Its use may be limited by side-effects, although a 
Cochrane review of its use in the perioperative period 


did not find this to be a major problem. It is unclear 
what the optimal route of administration is. Given 
parenterally either intravenously or subcutaneously, 
bolus doses of 0.25-0.5mgkg™ or infusion rates of 
0.125-0.25 mgkg" h“ can provide analgesia. 

Psychotomimetic effects can often limit use. 
Hallucinations and nightmares may be troublesome. 
In large doses, or in susceptible individuals, excess se- 
dation can occur. Ketamine can cause hypertension, 
increased heart rate and cardiac output, and increased 
intracranial pressure. 
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n the last 70 years, neuromuscular blocking 
drugs have become an established part of anaesthetic 
practice. They were first administered in 1942, when 
Griffith and Johnson in Montreal used Intocostrin, a 
biologically standardized mixture of the alkaloids of 
the Indian rubber plant Chondrodendron tomentosum, 
to facilitate relaxation during cyclopropane anaesthe- 
sia. Previously, only inhalational agents (nitrous oxide, 
diethyl ether, cyclopropane and chloroform) had been 
used during general anaesthesia, making surgical ac- 
cess for some procedures difficult because of lack of 
muscle relaxation. To achieve significant muscle relax- 
ation, it was necessary to deepen anaesthesia, which 
often had adverse cardiac and respiratory effects. Local 
analgesia was the only alternative. 

At first, muscle relaxants were used only occa- 
sionally, in small doses, as an adjuvant to aid in the 
management of a difficult case; they were not used 
routinely. A tracheal tube was not always used, the 
lungs were not ventilated artificially and residual block 
was not routinely reversed; all of these caused signifi- 
cant morbidity and mortality, as demonstrated in the 
retrospective study by Beecher & Todd (1954). By 1946, 
however, it was appreciated that using drugs such as 
curare in larger doses allowed the depth of anaesthesia 
to be lightened, and it was suggested that incremental 
doses should also be used during prolonged surgery, 
rather than deepening anaesthesia — an entirely new 
concept at that time. The use of routine tracheal intu- 
bation and artificial ventilation then evolved. 

In 1946, Gray & Halton in Liverpool reported their 
experience of using the pure alkaloid tubocurarine in 
more than 1000 patients receiving various anaesthetic 


MUSCLE FUNCTION AND 
NEUROMUSCULAR BLOCKADE 


agents. Over the following 6 years, they developed a 
concise description of the necessary ingredients of any 
anaesthetic technique; narcosis, analgesia and muscle 
relaxation were essential — the triad of anaesthesia. A 
fourth ingredient, controlled apnoea, was added at a 
later stage to emphasize the need for fully controlled 
ventilation, reducing the amount of relaxant required. 

This concept is the basis of the use of neuromuscular 
blocking drugs in modern anaesthetic practice. In par- 
ticular, it has allowed seriously ill patients undergoing 
complex surgery to be anaesthetized safely and to be 
cared for postoperatively in the intensive therapy unit. 


PHYSIOLOGY OF NEUROMUSCULAR 
TRANSMISSION 


Acetylcholine, the neurotransmitter at the neuromus- 
cular junction, is released from presynaptic nerve 
endings on passage of a nerve impulse (an action 
potential) down the axon to the nerve terminal. The 
neurotransmitter is synthesized from choline and acetyl- 
coenzyme A by the enzyme choline acetyltransferase 
and stored in vesicles in the nerve terminal. The ac- 
tion potential depolarizes the nerve terminal to release 
the neurotransmitter; entry of Ca** ions into the nerve 
terminal is a necessary part of this process, promot- 
ing further acetylcholine release. On the arrival of an 
action potential, the storage vesicles are transferred to 
the active zones on the edge of the axonal membrane, 
where they fuse with the terminal wall to release the 
acetylcholine (Fig. 6.1). Three proteins, synaptobrevin, 
syntaxin and synaptosome-associated protein SNAP- 
25, are involved in this process. These proteins along 
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The neuromuscular junction with an axon terminal, containing vesicles of acetylcholine. The neurotransmitter is 


released on arrival of an action potential and crosses the junctional cleft to stimulate the postjunctional receptors on the shoul- 
ders of the secondary clefts. (Reproduced with kind permission of Professor WC Bowman.) 


with vesicle membrane-associated synaptotagmins 
cause the docking, fusion and release (exocytosis) of 
acetylcholine from the vesicles. There are about 1000 
active sites at each nerve ending and any one nerve ac- 
tion potential leads to the release of 200-300 vesicles. 
In addition, small quanta of acetylcholine, equivalent 
to the contents of one vesicle, are released at the neu- 
romuscular junction spontaneously, causing minia- 
ture end-plate potentials (MEPPs) on the postsynaptic 
membrane, but these are insufficient to generate a 
muscle action potential. 

The active sites of release are aligned directly op- 
posite the acetylcholine receptors on the junctional 
folds of the postsynaptic membrane, lying on the mus- 
cle surface. The junctional cleft, the gap between the 
nerve terminal and the muscle membrane, has a width 
of only 60 nm. It contains the enzyme acetylcholinester- 
ase, which is responsible for the ultimate breakdown 
of acetylcholine. This enzyme is also present, in higher 
concentrations, in the junctional folds in the postsyn- 
aptic membrane (Fig. 6.1). The choline produced by 
the breakdown of acetylcholine is taken up across the 
nerve membrane to be reused in the synthesis of the 
transmitter. 


The nicotinic acetylcholine receptors on the post- 
synaptic membrane are organized in discrete clusters 
on the shoulders of the junctional folds (Fig. 6.1). Each 
cluster is about 0.1 um in diameter and contains a few 
hundred receptors. Each receptor consists of five sub- 
units, two of which, the alpha (a; MW=40000 Da), are 
identical. The other three, slightly larger subunits, are 
the beta (ß), delta (8) and epsilon (e). In fetal muscle, 
the epsilon is replaced by a gamma (y) subunit. Each 
subunit of the receptor is a glycosated protein — a chain 
of amino acids — coded by a different gene. The recep- 
tors are arranged as a cylinder which spans the mem- 
brane, with a central, normally closed, channel — the 
ionophore (Fig. 6.2). Each of the a subunits carries a 
single acetylcholine binding region on its extracellular 
surface. They also bind neuromuscular blocking drugs. 

Activation of the receptor requires both a sites to be 
occupied, producing a structural change in the recep- 
tor complex that opens the central channel running 
between the receptors for a very short period, about 
1 ms (Fig. 6.2). This allows movement of cations such 
as Nat, K*, Ca** and Mg” along their concentration 
gradients. The main change is influx of Na* ions, the 
end-plate current, followed by efflux of K* ions. The 
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Two postjunctional receptors, embedded in the lipid layer of the postsynaptic muscle membrane. The a, B, € and 


5 subunits are demonstrated on the surface of one receptor and the ionophore is seen in cross-section on the other receptor. On 
stimulation of the two « subunits by two molecules of acetylcholine, the ionophore opens to allow the passage of the end-plate 


current. (Reproduced with kind permission of Professor WC Bowman.) 


summation of this current through a large number of 
receptor channels lowers the transmembrane potential 
of the end-plate region sufficiently to depolarize it and 
generate a muscle action potential sufficient to allow 
muscle contraction. 

At rest, the transmembrane potential is about 
—90 mV (inside negative). Under normal physiological 
conditions, a depolarization of about 40mV occurs, 
lowering the potential from —90 to —50 mV. When 
the end-plate potential reaches this critical threshold, 
it triggers an all-or-nothing action potential that passes 
around the sarcolemma to activate muscle contraction 
via a mechanism involving Ca” release from the sarco- 
plasmic reticulum. 

Each acetylcholine molecule is involved in opening 
one ion channel only before it is broken down rapidly 
by acetylcholinesterase; it does not interact with any of 
the other receptors. There is a large safety factor in the 


transmission process, in respect of both the amount of 
acetylcholine released and the number of postsynaptic 
receptors. Much more acetylcholine is released than 
is necessary to trigger the action potential. The end- 
plate region is depolarized for only a very short period 
(a few milliseconds) before it rapidly repolarizes and is 
ready to transmit another impulse. 

Acetylcholine receptors are also present on the 
presynaptic area of the nerve terminal. These are of 
a slightly different structure to the postsynaptic nic- 
otinic receptors («3B2). It is thought that a positive 
feedback mechanism exists for the further release of 
acetylcholine, such that some of the released molecules 
of acetylcholine stimulate these presynaptic receptors, 
producing further mobilization of the neurotransmit- 
ter to the readily releasable sites, ready for the arrival 
of the next nerve stimulus (Fig. 6.3). Acetylcholine 
activates sodium channels on the prejunctional nerve 
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FIGURE 6.3 ™ Acetylcholine receptors are present on the 
shoulders of the axon terminal, as well as on the postjunc- 
tional membrane. Stimulation of the prejunctional receptors 
mobilizes (MOB) the vesicles of acetylcholine to move into the 
active zone, ready for release on arrival of another nerve im- 
pulse. The mechanism requires Ca” ions. (Reproduced with kind 
permission of Professor WC Bowman.) 


Postjunctional receptors 
(mediate transmission) 


membrane, which in turn activate voltage-dependent 
calcium channels (P-type fast channels) on the motor 
neurone causing an influx of calcium into the nerve 
cytoplasm to promote further acetylcholine release. 

In health, postsynaptic acetylcholine receptors are 
restricted to the neuromuscular junction by a mecha- 
nism involving the presence of an active nerve termi- 
nal. In many disease states affecting the neuromuscular 
junction, this control is lost and acetylcholine recep- 
tors of the fetal type develop on the adjacent muscle 
surface. The excessive release of K* ions from diseased 
or swollen muscle on administration of succinylcho- 
line is probably the result of stimulation of these extra- 
junctional receptors. They develop in many conditions, 
including polyneuropathies, severe burns and muscle 
disorders. 


PHARMACOLOGY OF 
NEUROMUSCULAR TRANSMISSION 


Neuromuscular blocking agents used regularly by 
anaesthetists are classified into depolarizing (or non- 
competitive) and non-depolarizing (or competitive) 
agents. 
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Depolarizing Neuromuscular Blocking 
Agents 


The only depolarizing relaxant now available in clini- 
cal practice is succinylcholine. Decamethonium was 
used clinically in the UK for many years, but it is now 
available only for research purposes. 


Succinylcholine Chloride (Suxamethonium) 


This quaternary ammonium compound is compara- 
ble to two molecules of acetylcholine linked together 
(Fig. 6.4). The two quaternary ammonium radicals, 
N'(CH,), have the capacity to cling to each of the a 
units of the postsynaptic acetylcholine receptor, alter- 
ing its structural conformation and opening the ion 
channel, but for a longer period than does a molecule 
of acetylcholine. Administration of succinylcho- 
line therefore results in an initial depolarization and 
muscle contraction, termed fasciculation. As this effect 
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FIGURE 6.4 ® The chemical structures of acetylcholine and 
succinylcholine. The similarity between the structure of suc- 
cinylcholine and two molecules of acetylcholine can be seen. 
The structure of decamethonium is also shown. The quater- 
nary ammonium radicals N*(CH,), cling to the a subunits of 
the postsynaptic receptor. 
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persists, however, further action potentials cannot 
pass down the ion channels and the muscle becomes 
flaccid; repolarization does not occur. 

The dose of succinylcholine necessary for tracheal 
intubation in adults is 1.0-1.5mgkg”™. This dose has 
the most rapid and reliable onset of action of any of 
the muscle relaxants presently available, producing 
profound block within 1 min. Succinylcholine is there- 
fore of particular benefit when it is essential to achieve 
tracheal intubation rapidly, e.g. in a patient with a full 
stomach or an obstetric patient. It is also indicated if 
tracheal intubation is expected to be difficult for ana- 
tomical reasons, because it produces optimal intubat- 
ing conditions. 

The drug is metabolized predominantly in the plasma 
by the enzyme plasma cholinesterase, at one time termed 
pseudocholinesterase, at a very rapid rate. Recovery from 
neuromuscular block may start to occur within 3 min 
and is complete within 12-15 min. The use of an anti- 
cholinesterase such as neostigmine, which would inhibit 
such enzyme activity, is contraindicated (see below). 
About 10% of the drug is excreted in the urine; there is 
very little metabolism in the liver although some break- 
down by non-specific esterases occurs in the plasma. 

If plasma cholinesterase is structurally abnormal 
because of inherited factors, or if its concentration is 
reduced by acquired factors, then the duration of ac- 
tion of the drug may be altered significantly. 


Inherited Factors. The exact structure of plasma 
cholinesterase is determined genetically, by auto- 
somal genes, and this has been completely defined. 
Several abnormalities in the amino acid sequence 
of the normal enzyme, usually designated Ej, are 
recognized. The most common is produced by the 
atypical gene, Ef , which occurs in about 4% of the 
Caucasian population. Thus a patient who is a hetero- 
zygote for the atypical gene (ERE) demonstrates a 
longer effect from a standard dose of succinylcholine 
(about 30min). If the individual is a homozygote for 
the atypical gene (E},E!) , the duration of action of 
succinylcholine may exceed 2h. Other, rarer, abnor- 
malities in the structure of plasma cholinesterase are 
also recognized, e.g. the fluoride (£i) and silent (Ei) 
genes. The latter has very little capacity to metabolize 
succinylcholine and thus neuromuscular block in the 
homozygous state (E; Ei) lasts for at least 3 h. In such 


patients, non-specific esterases gradually clear the 
drug from plasma. 

It has been suggested that a source of cholinesterase, 
such as fresh frozen plasma, should be administered in 
such cases, or an anticholinesterase such as neostig- 
mine be used to reverse what has usually developed 
into a dual block (see below). However, it is wiser to: 


= keep the patient anaesthetized and the lungs ven- 
tilated artificially, and 

m monitor neuromuscular transmission accurately, 
until full recovery from residual neuromuscular 
block. 


This condition is not life-threatening, but the risk 
of awareness is considerable, especially after the end of 
surgery, when the anaesthetist, who may not yet have 
made the diagnosis, is attempting to waken the patient. 
Anaesthesia must be continued until full recovery 
from neuromuscular block is demonstrable. 

As plasma cholinesterase activity is reduced by the 
presence of succinylcholine, a plasma sample to mea- 
sure the patient’s cholinesterase activity should not be 
taken for several days after prolonged block has been ex- 
perienced, by which time new enzyme has been synthe- 
sized. A patient who is found to have reduced enzyme 
activity and structurally abnormal enzyme should be 
given a warning card or alarm bracelet, detailing his or 
her genetic status. Examining the genetic status of the 
patient’s immediate relatives should be considered. 

In 1957, Kalow & Genest first described a method 
for detecting structurally abnormal cholinesterase. If 
plasma from a patient of normal genotype is added to 
a water bath containing a substrate such as benzoyl- 
choline, a chemical reaction occurs with plasma cho- 
linesterase, emitting light of a given wavelength, which 
may be detected spectrophotometrically. If dibucaine 
is also added to the water bath, this reaction is inhib- 
ited; no light is produced. The percentage inhibition 
is referred to as the dibucaine number. A patient with 
normal plasma cholinesterase has a high dibucaine 
number of 77-83. A heterozygote for the atypical gene 
has a dibucaine number of 45-68; in a homozygote, 
the dibucaine number is less than 30. 

If fluoride is added to the solution instead of dibu- 
caine, the fluoride gene may be detected. If there is no 
reaction in the presence of the substrate only, the silent 
gene is present. 
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Acquired Factors. In these instances, the structure 
of plasma cholinesterase is normal but its activity is 
reduced. Thus, neuromuscular block is prolonged by 
only minutes rather than hours. Causes of reduced 
plasma cholinesterase activity include: 


m liver disease, because of reduced enzyme 
synthesis. 

m carcinomatosis and starvation, also because of 
reduced enzyme synthesis. 

m pregnancy, for two reasons: an increased circu- 
lating volume (dilutional effect) and decreased 
enzyme synthesis. 

m anticholinesterases, including those used to re- 
verse residual neuromuscular block after a non- 
depolarizing muscle relaxant (e.g. neostigmine 
or edrophonium); these drugs inhibit plasma 
cholinesterase in addition to acetylcholinesterase. 
The organophosphorus compound ecothiopate, 
once used topically as a miotic in ophthalmol- 
ogy, is also an anticholinesterase. 

m other drugs which are metabolized by plasma 
cholinesterase, and which therefore decrease its 
availability, include etomidate, propanidid, es- 
ter local anaesthetics, anti-cancer drugs such as 
methotrexate, monoamine oxidase inhibitors 
and esmolol (the short-acting B-blocker). 

m hypothyroidism. 

= cardiopulmonary bypass, plasmapheresis. 

m renal disease. 


Side-Effects of Succinylcholine 


Although succinylcholine is a very useful drug for 
achieving tracheal intubation rapidly, it has several 
undesirable side-effects which may limit its use. 


Muscle Pains. These occur especially in the patient 
who is ambulant soon after surgery, such as the day- 
case patient. The pains, thought possibly to be caused 
by the initial fasciculations, are more common in 
young, healthy patients with a large muscle mass. 
They occur in unusual sites, such as the diaphragm 
and between the scapulae, and are not relieved eas- 
ily by conventional analgesics. The incidence and se- 
verity may be reduced by the use of a small dose of a 
non-depolarizing muscle relaxant given immediately 
before administration of succinylcholine, e.g. galla- 
mine 10mg (which is thought to be most efficacious 
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in this respect) or atracurium 2.5mg. However, this 
technique, termed pre-curarization or pretreatment, 
reduces the potency of succinylcholine, necessitating 
administration of a larger dose to produce the same 
effect. Many other drugs have been used in an attempt 
to reduce the muscle pains, including lidocaine, cal- 
cium, magnesium and repeated doses of thiopental, 
but none is completely reliable. 


Increased Intraocular Pressure. This is thought to be 
caused partly by the initial contraction of the external 
ocular muscles and contracture of the internal ocular 
muscles after administration of succinylcholine. It is 
not reduced by pre-curarization. The effect lasts for as 
long as the neuromuscular block and concern has been 
expressed that it may be sufficient to cause expulsion 
of the vitreal contents in the patient with an open eye 
injury. This is unlikely. Protection of the airway from 
gastric contents must take priority in the patient with a 
full stomach in addition to an eye injury, as inhalation 
of gastric contents may threaten life. 

It is also possible that succinylcholine may increase 
intracranial pressure, although this is less certain. 


Increased Intragastric Pressure. In the presence of 
a normal lower oesophageal sphincter, the increase 
in intragastric pressure produced by succinylcholine 
should be insufficient to produce regurgitation of 
gastric contents. However, in the patient with incom- 
petence of this sphincter from, for example, hiatus her- 
nia, regurgitation may occur. 


Hyperkalaemia. It has long been recognized that ad- 
ministration of succinylcholine during halothane an- 
aesthesia increases the serum potassium concentration 
by 0.5 mmol L”. This effect is thought to be caused by 
muscle fasciculation. It is probable that the effect is less 
marked with the newer potent inhalational agents, e.g. 
isoflurane, sevoflurane. A similar increase occurs in 
patients with renal failure, but as these patients may 
already have an elevated serum potassium concentra- 
tion, such an increase may precipitate cardiac irregu- 
larities and even cardiac arrest. 

In some conditions in which the muscle cells are 
swollen or damaged, or in which there is proliferation 
of extrajunctional receptors, this release of potassium 
may be exaggerated. This is most marked in the burned 
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patient, in whom potassium concentrations up to 
13 mmol L` have been reported. In such patients, pre- 
curarization is of no benefit. Succinylcholine should 
be avoided in this condition. In diseases of the mus- 
cle cell, or its nerve supply, hyperkalaemia after suc- 
cinylcholine may also be exaggerated. These include 
the muscular dystrophies, dystrophia myotonica and 
paraplegia. Hyperkalaemia has been reported to cause 
death in such patients. Succinylcholine may also pre- 
cipitate prolonged contracture of the masseter muscles 
in patients with these disorders, making tracheal in- 
tubation impossible. The drug should be avoided in 
any patient with a neuromuscular disorder, including 
the patient with malignant hyperthermia, in whom the 
drug is a recognized trigger factor (see p. 879). 

Hyperkalaemia after succinylcholine has also been 
reported, albeit rarely, in patients with widespread 
intra-abdominal infection, severe trauma and closed 
head injury. 


Cardiovascular Effects. Succinylcholine has musca- 
rinic in addition to nicotinic effects, as does acetyl- 
choline. The direct vagal effect (muscarinic) produces 
sinus bradycardia, especially in patients with high va- 
gal tone, such as children and the physically fit. It is 
also more common in the patient who has not received 
an anticholinergic agent (such as glycopyrrolate) or 
who is given repeated increments of succinylcholine. 
It is advisable to use an anticholinergic routinely if it is 
planned to administer more than one dose of succinyl- 
choline. Nodal or ventricular escape beats may develop 
in extreme circumstances. 


Anaphylactic Reactions. Anaphylactic reactions to 
succinylcholine are rare, but may occur, especially 
after repeated exposure to the drug. They are more 


CONTROL 
FIGURE 6.5 


common after succinylcholine than any other neuro- 
muscular blocking agent. 


Characteristics of Depolarizing Neuromuscular Block 


If neuromuscular block is monitored (see below), 
several differences between depolarizing and non- 
depolarizing block may be defined. In the presence of 
a small dose of succinylcholine: 


m a decreased response to a single, low-voltage 
(1Hz) twitch stimulus applied to a peripheral 
nerve is detected. Tetanic stimulation (e.g. at 
50 Hz) produces a small, but sustained, response. 

= if four twitch stimuli are applied at 2Hz over 2s 
(train-of-four stimulus), followed by a 10-s inter- 
val before the next train-of-four, no decrease in 
the height of successive stimuli is noted (Fig. 6.5). 

m the application of a 5-s burst of tetanic stimula- 
tion after the application of single twitch stim- 
uli, followed 3s later by a further run of twitch 
stimuli, produces no potentiation of the twitch 
height; there is no post-tetanic potentiation 
(sometimes termed facilitation). 

m neuromuscular block is potentiated by the ad- 
ministration of an anticholinesterase such as 
neostigmine or edrophonium. 

m if repeated doses of succinylcholine are given, the 
characteristics of this depolarizing block alter; 
signs typical of a non-depolarizing block develop 
(see below). Initially, such changes are demon- 
strable only at fast rates of stimulation, but 
with further increments of succinylcholine they 
may occur at slower rates. This phenomenon is 
termed ‘dual block. 

m muscle fasciculation is typical of a depolarizing 
block. 


f 


SUCC 


The train-of-four twitch response recorded before (CONTROL) and after a dose of succinylcholine. Before ad- 


ministration of succinylcholine 1 mgkg", four twitches of equal height are visible. After giving the drug (SUCC), the height of all 
four twitches decreases equally; no ‘fade’ of the train-of-four is seen. Within 1 min, the trace has been ablated. 
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Decamethonium 


This depolarizing neuromuscular blocking agent has 
as rapid an onset of action as succinylcholine, but a 
longer duration of effect (about 20 min), as it is not 
metabolized by plasma cholinesterase, but mainly ex- 
creted unchanged through the kidneys. It is prone to 
produce tachyphylaxis — a rapid increase in the dose 
required incrementally to produce the same effect — 
which, together with its route of excretion, limits its 
use. It is no longer available for clinical use. 


Non-Depolarizing Neuromuscular 
Blocking Agents 


Unlike succinylcholine, these drugs do not alter the 
structural conformity of the postsynaptic acetylcholine 
receptor and therefore do not produce an initial con- 
traction. Instead, they compete with the neurotrans- 
mitter at this site, binding reversibly to one or two of 
the a-receptors, whenever these are not occupied by 
acetylcholine. The end-plate potential produced in 
the presence of a non-depolarizing agent is therefore 
smaller; it does not reach the threshold necessary to 
initiate a propagating action potential to activate the 
sarcolemma and produce an initial muscle contrac- 
tion. More than 75% of the postsynaptic receptors 
have to be blocked in this way before there is failure of 
muscle contraction — a large safety factor. However, in 
large doses, non-depolarizing muscle relaxants impair 
neuromuscular transmission sufficiently to produce 
profound neuromuscular block. 

Metabolism of neuromuscular blocking agents 
does not occur at the neuromuscular junction. By the 
end of surgery, the end-plate concentration of the re- 
laxant is decreasing as the drug diffuses down a con- 
centration gradient back into the plasma, from which 
it is cleared. Thus, more receptors are stimulated by 
the neurotransmitter, allowing recovery from block. 
An anticholinesterase given at this time increases the 
half-life of acetylcholine at the neuromuscular junc- 
tion, facilitating recovery. 

Non-depolarizing muscle relaxants are highly 
ionized, water-soluble drugs, which are distributed 
mainly in plasma and extracellular fluid. Thus, they 
have a relatively small volume of distribution. They 
are of two main types of chemical structure: either 
benzylisoquinolinium compounds, such as tubo- 
curarine, alcuronium, atracurium, mivacurium and 


MUSCLE FUNCTION AND NEUROMUSCULAR BLOCKADE 


cisatracurium, or aminosteroid compounds, such as 
pancuronium, vecuronium, pipecuronium and ro- 
curonium. All these drugs possess at least one qua- 
ternary ammonium group, N'(CH,),, to bind to an a 
subunit on the postsynaptic receptor. Their structural 
type determines many of their chemical properties. 
Some benzylisoquinolinium compounds consist of 
quaternary ammonium groups joined by a thin chain 
of methyl groups. They are therefore more liable to 
breakdown in the plasma than are the aminosteroids. 
They are also more likely to release histamine. 

Non-depolarizing muscle relaxants are adminis- 
tered usually in multiples of the effective dose (ED) 
required to produce 95% neuromuscular block (ED,,). 
A dose of at least 2XED,, is required to produce ad- 
equate conditions for reliable tracheal intubation in all 
patients. 


Benzylisoquinolinium Compounds 


Tubocurarine Chloride. This is the only naturally oc- 
curring muscle relaxant. It is derived from the bark 
of the South American plant Chondrodendron tomen- 
tosum which has been used for centuries by South 
American Indians as an arrow poison. It was the first 
non-depolarizing neuromuscular blocking agent to be 
used in humans, by Griffith and Johnson in Montreal, 
in 1942. The intubating dose is 0.5-0.6 mgkg"'. It has a 
slow onset of action and a prolonged duration of effect 
(Table 6.1), and its effects are potentiated by inhala- 
tional agents and prior administration of succinylcho- 
line. It has a marked propensity to produce histamine 
release and thus hypotension, with possibly a compen- 
satory tachycardia. In large doses, it may also produce 
ganglion blockade, which potentiates these cardio- 
vascular effects. It is excreted unchanged through the 
kidneys, with some biliary excretion. It is no longer 
available in the UK. 


Alcuronium Chloride. This drug is a semi-synthetic 
derivative of toxiferin, an alkaloid of calabash curare. 
It has less histamine-releasing properties, and there- 
fore cardiovascular effect, than tubocurarine, although 
it may have some vagolytic effect, producing a mild 
tachycardia. It also has a slow onset time and nearly as 
long a duration of effect as tubocurarine (Table 6.1). It 
is almost entirely excreted unchanged through the kid- 
neys. The intubating dose is 0.2-0.25mgkg™. Before 
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TABLE 6.1 


Time to 95% Depression of the Twitch Response, After a Dose of 2XED,, of a Neuromuscular Blocking 
Drug (When Tracheal Intubation Should be Possible), and Time to 20-25% Recovery, When an Anti- 
Cholinesterase May be Used Reliably to Reverse Residual Block Produced by a Non-Depolarizing Drug 


95% Twitch Depression (s) 


20-25% Recovery (min) 


Succinylcholine 60 10 
Tubocurarine 220 80+ 
Alcuronium 420 70 
Gallamine 300 80 
Atracurium 10 43 
Cisatracurium 50 45 
Doxacurium 250 83 
Mivacurium 70 16 
Pancuronium 220 75 
Vecuronium 80 33 
Pipecuronium 300 95 
Rocuronium 75 33 
Rapacuronium <75 15 


the advent of atracurium and vecuronium, this inex- 
pensive agent was used widely, but now its popularity 
has declined and it is no longer available commercially 
in the UK. 


Gallamine Triethiodide. This synthetic substance is 
a trisquaternary amine. It was first used in France in 
1948. The intubating dose in adults is of the order of 
160 mg. It has a similar onset to, but slightly shorter 
duration of action than, tubocurarine, and is excreted 
almost entirely by the kidneys. Consequently, it should 
not be used in patients with renal impairment. Being 
more lipid-soluble than bisquaternary amines, it 
crosses the placenta to a significant degree and should 
not be used in obstetric practice. Gallamine has potent 
vagolytic properties and produces some direct sympa- 
thomimetic stimulation. Thus, it increases pulse rate 
and arterial pressure. 

The only recent use of gallamine in the UK has been 
as a small pretreatment dose (10 mg) prior to succinyl- 
choline, when it seems to be more efficacious than any 
other non-depolarizing muscle relaxant in minimizing 
muscle pains. 


Atracurium Besylate. This drug, introduced into 
clinical practice in 1982, was developed by Stenlake 
at Strathclyde University. Quaternary ammonium 
compounds break down spontaneously at varying 
temperature and pH, a phenomenon recognized for 
over 100 years and known as Hofmann degradation. 
Many such substances also have neuromuscular block- 
ing properties, and atracurium was developed in the 
search for such an agent which broke down at body 
temperature and pH. Hofmann degradation may be 
considered as a ‘safety net’ in the sick patient with im- 
paired liver or renal function, because atracurium is 
still cleared from the body. Some renal excretion oc- 
curs in the healthy patient (10%), as does ester hydro- 
lysis in the plasma; probably only about 45% of the 
drug is eliminated by Hofmann degradation in the 
normal patient. 

Atracurium (and vecuronium) was developed in 
an attempt to obtain a non-depolarizing agent which 
had a more rapid onset, was shorter-acting and had 
fewer cardiovascular effects than the older agents. 
Atracurium 0.5mgkg™ does not produce neuromus- 
cular block as rapidly as succinylcholine; the onset time 
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is 2.0-2.5 min, depending on the dose used (Table 6.1). 
However, recovery occurs more rapidly from it than 
after use of the older non-depolarizing agents and 
atracurium may be reversed easily 20-25 min after ad- 
ministration of a dose of 2XED,, (0.45mgkg"). The 
drug does not have any direct cardiovascular effect, but 
may release histamine (about a third of that released 
by tubocurarine) and may therefore produce a local 
wheal and flare around the injection site, especially if a 
small vein is used. This may be accompanied by a slight 
reduction in arterial pressure. It can produce ana- 
phylaxis, but to a lesser degree than succinylcholine. 

A metabolite of Hofmann degradation, laudano- 
sine, has epileptogenic properties, although fits have 
never been reported in humans. The plasma concen- 
trations of laudanosine required to make animals con- 
vulse are much higher than those occurring during 
general anaesthesia, even if large doses of atracurium 
are given during a prolonged procedure, and there is 
little cause for concern about this metabolite in clini- 
cal practice. In patients in the ITU with multiple organ 
failure, who may receive atracurium for several days, 
laudanosine concentrations are higher, but as yet no 
reports of cerebral toxicity have occurred. 


Cisatracurium. This is the most recently introduced 
benzylisoquinolinium neuromuscular blocker. It is of 
particular interest because it is an example of the de- 
velopment of a specific isomer of a drug to produce a 
‘clear’ substance with the desired clinical actions but 
with reduced side-effects. Cisatracurium is the 1R-cis 
VR-cis isomer of atracurium, and one of 10 isomers 
of the parent compound. It is three to four times more 
potent than atracurium (ED,,=0.05mgkg™) and has 
a slightly slower onset and longer duration of action. 
Its main advantage is that it does not release histamine 
and therefore is associated with greater cardiovas- 
cular stability. It undergoes even more Hofmann degra- 
dation than atracurium. Because a lower dose of this 
more potent drug is given, it produces less laudanosine 
than an equipotent dose of atracurium. It is therefore 
particularly useful in the critically ill patient requiring 
prolonged infusion of a neuromuscular blocking drug. 


Doxacurium Chloride. This bisquaternary ammo- 
nium compound is only available in the USA. It un- 
dergoes a small amount of metabolism in the plasma 
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by cholinesterase (6%), but is excreted mainly through 
the kidneys. It is the most potent non-depolarizing 
neuromuscular blocking agent available; an intubating 
dose is only 0.05mgkg™. It has a very slow onset of 
action (Table 6.1) and a prolonged and unpredictable 
duration of effect. However, it has no cardiovascular 
effects and may therefore be of use during long surgi- 
cal procedures in which cardiovascular stability is re- 
quired, e.g. cardiac surgery. 


Mivacurium Chloride. This drug is metabolized by 
plasma cholinesterase at 88% of the rate of succinyl- 
choline. An intubating dose (2xED,,=0.15mgkg") 
has a similar onset of action to an equipotent dose 
of atracurium, but in the presence of normal plasma 
cholinesterase, recovery after mivacurium is much faster 
(Table 6.1) and administration of an anticholinester- 
ase may not be necessary (if neuromuscular function 
is being monitored and good recovery can be dem- 
onstrated). Full recovery in such circumstances takes 
about 20-25 min, but the drug may be antagonized 
easily within 15min. Mivacurium is useful particu- 
larly for surgical procedures requiring muscle relax- 
ation in which even atracurium and vecuronium seem 
too long-acting, and when it is desirable to avoid the 
side-effects of succinylcholine, e.g. for bronchoscopy, 
oesophagoscopy, laparoscopy or tonsillectomy. The 
drug produces a similar amount of histamine release 
to atracurium. 

In the presence of reduced plasma cholinesterase 
activity, because of either inherited or acquired fac- 
tors, the duration of action of mivacurium may be 
increased. In patients heterozygous for the atypical 
cholinesterase gene, the duration of action of miva- 
curium is comparable to that of atracurium, negat- 
ing its advantages. The action of the drug may also be 
prolonged in patients with hepatic or renal disease, in 
whom plasma cholinesterase activity may be reduced. 


Aminosteroid Compounds 


These non-depolarizing neuromuscular blocking 
agents possess at least one quaternary ammonium 
group, attached to a steroid nucleus. They produce 
fewer adverse cardiovascular effects than do the ben- 
zylisoquinolinium compounds and do not stimulate 
histamine release from mast cells to the same degree. 
They are excreted unchanged through the kidneys and 
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also undergo deacetylation in the liver. The deacetyl- 
ated metabolites may possess weak neuromuscular 
blocking properties. The parent compound may also 
be excreted unchanged in the bile. 


Pancuronium Bromide. This bisquaternary amine, the 
first steroid muscle relaxant used clinically, was devel- 
oped by Savege and Hewitt and marketed in 1964. The 
intubating dose is 0.1 mgkg™, which takes 3—4 min to 
reach its maximum effect (Table 6.1). The clinical du- 
ration of action of the drug is long, especially in the 
presence of potent inhalational agents or renal dys- 
function, as 60% of a dose of the drug is excreted un- 
changed through the kidneys. It is also deacetylated in 
the liver; some of the metabolites have neuromuscular 
blocking properties. 

Pancuronium does not stimulate histamine release 
and is therefore useful in patients with a history of 
allergy. However, it has direct vagolytic and sympa- 
thomimetic effects which may cause tachycardia and 
hypertension. It slightly inhibits plasma cholinesterase 
and therefore potentiates any drug metabolized by this 
enzyme, e.g. succinylcholine and mivacurium. 


Vecuronium Bromide. This steroidal agent was developed 
in an attempt to reduce the cardiovascular effects of 
pancuronium. It is similar in structure to the older drug, 
differing only in the loss of a methyl group from one 
quaternary ammonium radical. Thus it is a monoquater- 
nary amine. An intubating dose of 0.1 mgkg™ produces 
profound neuromuscular block within 3 min, which is 
slightly longer than the onset time of atracurium, but 
shorter than those of tubocurarine and pancuronium. 
This dose produces clinical block for about 30min. 
Vecuronium rarely produces histamine release, nor does 
it have any direct cardiovascular effects, although it al- 
lows the cardiac effects of other anaesthetic agents, such 
as bradycardia produced by the opioids, to go unchal- 
lenged. Vecuronium is excreted through the kidneys 
(30%), although to a lesser extent than pancuronium, 
and undergoes hepatic deacetylation; the deacetylated 
metabolites have neuromuscular blocking properties. 
Repeated doses should be used with care in patients with 
renal or hepatic disease because they accumulate. 


Pipecuronium Bromide. This analogue of pan- 
curonium was developed in Hungary in 1980 and is 


marketed in Eastern Europe and the USA. The intubat- 
ing dose is 0.07 mg kg”. The onset time and time to re- 
covery from block are similar to those of pancuronium 
(Table 6.1), and excretion of the drug through the kid- 
neys is significant (66%). In contrast to pancuronium, 
pipecuronium possesses marked cardiovascular stabil- 
ity, having no vagolytic or sympathomimetic effects. It 
may therefore be useful during major surgery in pa- 
tients with cardiac disease. 


Rocuronium Bromide. This monoquaternary amine 
has a very rapid onset of action for a non-depolarizing 
muscle relaxant. It is six to eight times less potent than 
vecuronium but has approximately the same molecular 
weight; consequently, a greater number of drug mol- 
ecules may reach the postjunctional receptors within 
the first few circulations, enabling faster development 
of neuromuscular block. In a dose of 0.6mgkg", good 
or excellent intubating conditions are achieved within 
60-90 s; this is only slightly slower than the onset time of 
succinylcholine. The clinical duration is 30—45 min. At 
higher doses, such as 0.9 mgkg™, rocuronium has an on- 
set time similar to succinylcholine, albeit with a greater 
range of effect. In such doses, however, rocuronium is a 
very long-acting drug, lasting about 90 min. 

In most other respects, rocuronium resembles ve- 
curonium. The drug stimulates little histamine release 
or cardiovascular disturbance, although in high doses 
it has a mild vagolytic property which sometimes re- 
sults in an increase in heart rate. The drug is excreted 
unchanged in the urine and in the bile, and thus the 
duration of action may be increased by severe renal or 
hepatic dysfunction. Rocuronium has no metabolites 
with significant neuromuscular blocking activity. 

Anaphylactic reactions are more common after ro- 
curonium than after any other aminosteroid neuro- 
muscular blocking drug. They occur at a similar rate to 
anaphylactic reactions to atracurium and mivacurium. 


Rapacuronium Bromide. This was the last amino- 
steroid to become available. It is less potent than 
rocuronium (2XED, =1.15mgkg™) and in equipotent 
doses has an even more rapid onset of action (<75s). 
It is cleared rapidly from the plasma by hepatic uptake 
and deacetylation and thus has a shorter duration of 
effect than rocuronium, 12-15 min (Table 6.1). As with 
the deacetylation of pancuronium and vecuronium, 
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a metabolite of rapacuronium has neuromuscular 
blocking properties (Org 9488). This may prolong the 
effect of incremental doses of the drug. 

Rapacuronium has similar cardiovascular effects to 
rocuronium but it may also produce bronchospasm, 
possibly because of the release of histamine or leuko- 
trienes. After several reports to the US Food and Drug 
Administration of bronchospasm and hypoxaemia 
following administration of rapacuronium, especially 
in small children, the manufacturers voluntarily with- 
drew the drug from release in the USA in 2002. It has 
never been commercially available in the UK. 


Factors Affecting Duration of Non-Depolarizing 
Neuromuscular Block 


The duration of action of non-depolarizing muscle re- 
laxants is affected by several factors. Effects are most 
marked with the longer-acting agents, such as tubo- 
curarine and pancuronium. Prior administration of 
succinylcholine potentiates the effect and prolongs 
the duration of action of non-depolarizing drugs. 
Concomitant administration of a potent inhalational 
agent increases the duration of block. This is most 
marked with the ether anaesthetic agents such as iso- 
flurane, enflurane and sevoflurane, but occurs to a 
lesser extent with halothane. 

pH changes. Metabolic and, to a lesser extent, re- 
spiratory acidosis extend the duration of block. With 
monoquaternary amines such as tubocurarine and ve- 
curonium, this effect is produced probably by the ion- 
ization, under acidic conditions, of a second nitrogen 
atom in the molecule, making the drug more potent. 

Body temperature. Hypothermia potentiates block 
because impairment of organ function delays metabo- 
lism and excretion of these drugs. Enzyme activity is 
also reduced. This may occur in patients undergoing 
cardiac surgery; reduced doses of muscle relaxants are 
required during cardiopulmonary bypass. 

Age. Non-depolarizing muscle relaxants which de- 
pend on organ metabolism and excretion may be ex- 
pected to have a prolonged effect in old age, as organ 
function deteriorates. In healthy neonates, who have 
a higher extracellular volume than adults, resistance 
may occur, but if the baby is sick or immature then, 
because of underdevelopment of the neuromuscular 
junction and other organ function, increased sensitiv- 
ity may be encountered. Children of school age tend 
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to be relatively resistant to non-depolarizing muscle 
relaxants, when given on a weight basis. 

Electrolyte changes. A low serum potassium con- 
centration potentiates neuromuscular block by chang- 
ing the value of the resting membrane potential of the 
postsynaptic membrane. A reduced ionized calcium 
concentration also potentiates block by impairing pre- 
synaptic acetylcholine release. 

Myasthenia gravis. In this disease, the number and 
half-life of the postsynaptic receptors are reduced by 
autoantibodies produced in the thymus gland. Thus, 
the patient is more sensitive to the effects of non- 
depolarizing muscle relaxants. Resistance to succinyl- 
choline may be encountered. 

Other disease states. Due to the altered pharmaco- 
kinetics of muscle relaxants in hepatic and renal 
disease, prolongation of action may be found in these 
conditions, especially if excretion of the drug is depen- 
dent upon these organs. 


Characteristics of Non-Depolarizing 
Neuromuscular Block 


If a small, subparalysing dose of a non-depolarizing 
neuromuscular blocking drug is administered, the 
following characteristics are recognized: 


m decreased response to a low-voltage twitch 
stimulus (e.g. 1 Hz) which, if repeated, decreases 
further in amplitude. This effect, which is in con- 
trast to that produced by a depolarizing drug, 
also occurs to a greater degree when the train-of- 
four (TOF) twitch response is applied, and even 
more so with higher, tetanic rates of stimulation. 
It is referred to as ‘fade’ or decrement. 

m post-tetanic potentiation (PTP) or facilitation 
(PTF) of the twitch response may be demon- 
strated (Fig. 6.6). 

m neuromuscular block is reversed by administra- 
tion of an anticholinesterase. 

m no muscle fasciculation is visible. 


REVERSAL AGENTS 


Anticholinesterases 


These agents are used in clinical practice to inhibit the 
action of acetylcholinesterase at the neuromuscular 
junction, thus prolonging the half-life of acetylcholine 


Tetanic burst 
— 


FIGURE 6.6 
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A 5-s burst of tetanus (50 Hz), applied after a run of single twitch stimuli, causes a transient increase in the height 


of subsequent twitches, although they gradually decrease to their former height; this is post-tetanic potentiation (PTP) or facilita- 
tion (PTF). The number of twitches detectable after the burst of tetanus is referred to as the ‘post-tetanic count. 


and potentiating its effect, especially in the presence of 
residual amounts of non-depolarizing muscle relaxant 
at the end of surgery. The most commonly used anti- 
cholinesterase during anaesthesia is neostigmine, but 
edrophonium and pyridostigmine are also available. 
These carbamate esters are water-soluble, quaternary 
ammonium compounds which are absorbed poorly 
from the gastrointestinal tract. The more lipid-soluble 
tertiary amine, physostigmine, has a similar effect and 
is more suitable for oral administration, but crosses the 
blood-brain barrier. Organophosphorus compounds 
which are used as poisons in farming and in nerve gas, 
also inhibit acetylcholinesterase, but unlike other agents, 
their effect is irreversible; recovery occurs only on 
generation of more enzyme, which takes some weeks. 
Anticholinesterases are given orally to patients with 
myasthenia gravis. In this disease, the patient possesses 
antibodies to the postsynaptic nicotinic receptor, re- 
ducing the efficacy of acetylcholine. The use of these 
drugs is thought to increase the amount and duration 
of action of acetylcholine at the neuromuscular junc- 
tion, thus enhancing neuromuscular transmission. 


Neostigmine. This drug combines reversibly with 
acetylcholinesterase by formation of an ester linkage. 
Neostigmine is excreted largely unchanged through 
the kidneys and has a half-life of about 45 min. It is 
presented in brown vials because it breaks down on 
exposure to light. Neostigmine potentiates the action 
of acetylcholine wherever it is a neurotransmitter, in- 
cluding all cholinergic nerve endings; thus, it produces 


bradycardia, salivation, sweating, bronchospasm, in- 
creased intestinal motility and blurred vision. These 
cholinergic effects may be reduced by simultaneous 
administration of an anticholinergic agent such as 
atropine or glycopyrrolate. The usual dose of neostig- 
mine is of the order of 0.035 mgkg"™, in combination 
with either atropine 0.015mgkg" or glycopyrrolate 
0.01 mgkg™'. Neostigmine takes at least 2min to have 
an initial effect, and recovery from neuromuscular 
block is maximally enhanced by 10 min. 


Edrophonium. This anticholinesterase forms an ionic 
bond with the enzyme but does not undergo a chemi- 
cal reaction with it. The effect is therefore more short- 
lived than with neostigmine, of the order of only a few 
minutes. Edrophonium has a quicker onset of action 
than neostigmine, producing signs of recovery within 
1 min. However, its effects are more evanescent; when 
edrophonium is given in the presence of profound 
neuromuscular block, the degree of neuromuscular 
block may increase after an initial period of recovery. 
The dose of edrophonium is 0.5-1.0 mgkg". 


Pyridostigmine. This drug has a slower onset time than 
neostigmine or edrophonium, and also a longer dura- 
tion of action. It is used more frequently as oral therapy 
in patients with myasthenia gravis than in anaesthesia. 


Physostigmine. This anticholinesterase, also known 
as eserine, is a tertiary amine and is more lipid- 
soluble than the other carbamate esters. It is therefore 
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absorbed more easily from the gastrointestinal tract, 
and also crosses the blood-brain barrier. 


Organophosphorus Compounds. These substances are 
irreversible inhibitors of acetylcholinesterase; by phos- 
phorylation of the enzyme, they produce a very stable 
complex which is resistant to reactivation or hydrolysis. 
Synthesis of new enzyme must occur before recovery. 
These agents, which include di-isopropylfluorophos- 
phonate (DFP) and tetraethylpyrophosphate (TEPP), 
are used as insecticides and chemical warfare agents. 
They are absorbed readily through the lungs and skin. 
Poisoning is not uncommon among farm workers. 
Muscarinic effects such as salivation, sweating and bron- 
chospasm are combined with nicotinic effects, such as 
muscle weakness. Central nervous effects such as tremor 
and convulsions may occur, as may unconsciousness and 
respiratory failure. Reactivators of acetylcholinesterase 
are used to treat this form of poisoning: they include 
pralidoxime and obidoxime. Atropine, anticonvulsants 
and artificial ventilation may be necessary. Chronic 
exposure may produce polyneuritis. Carbamates such 
as pyridostigmine are used prophylactically in those 
threatened by chemical warfare with these compounds. 

Ecothiopate is an organophosphorus compound 
with a quaternary amine group; it was used as an eye 
drop preparation in ophthalmology to produce miosis 
in narrow-angle glaucoma. It inhibits cholinesterase 
by phosphorylation and thus potentiates all esters me- 
tabolized by this enzyme. It has now been withdrawn 
from the UK market. 

A new generation of organophosphorus compounds 
may be beneficial in Alzheimer’s disease, and clinical 
trials are in progress. Neuromuscular blockers must be 
used with caution if such patients require anaesthesia. 


Cyclodextrins 
Sugammadex 


Anticholinesterases, although used routinely in anaes- 
thetic practice, are recognized to have disadvantages. 
The most important is that recovery from block must 
be established before they are given (see below). Their 
muscarinic effects may be disadvantageous in patients 
with a history of nausea and vomiting, or in the pres- 
ence of cardiac arrhythmias or bronchospasm. 

A novel approach to reversal of neuromuscular 
block was therefore developed. Sugammadex (Org 
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25969), a y-cyclodextrin, was designed to chelate or 
encapsulate rocuronium (and to a lesser extent ve- 
curonium) in the plasma, preventing its access to the 
nicotinic receptor and encouraging dissociation from 
it. Sugammadex consists of eight oligosaccharides ar- 
ranged in a cylindrical structure to encapsulate all four 
steroidal rings of rocuronium completely (Fig. 6.7). 
This cylindrical structure is known as a toroid. The 
hydrophilic external tails on the toroid are negatively 
charged, attracting the quaternary nitrogen group on 
the muscle relaxant and drawing it into the lipophilic 
core of sugammadex. The complex of sugammadex 
and rocuronium is excreted in the urine and has no 
muscarinic effect: the use of anticholinergic agents is 
unnecessary. Sugammadex seems to be devoid of ad- 
verse cardiovascular effects, although prolongation of 
the QT interval has been reported anecdotally. It acts 
three times as rapidly as neostigmine in reversing neuro- 
muscular block produced by rocuronium. 

Dose: The dose is adjusted according to the degree 
of residual block. If at least two twitches of the TOF 
response are detectable (when anticholinesterases can 
be used), 2mgkg™ should be given. If block is still pro- 
found, with no response to the TOF and a post-tetanic 
count (PTC) of 1-2, 4-8 mgkg™ should be used. If it is 
necessary to reverse block immediately in the case of, 
for instance, a ‘cannot intubate, cannot ventilate’ sce- 
nario, sugammadex 16 mg kg" should be used. 

This chelating agent is drug-specific and will not 
reverse residual block produced by other muscle relax- 
ants. Sugammadex does not antagonize neuromuscu- 
lar block produced by the benzylisoquinoliniums and 
has only a limited effect in reversing pancuronium. 
Sugammadex has been used in the management of 
anaphylaxis to rocuronium when conventional ALS 
treatment has failed, although this is not recom- 
mended on the drug’s data sheet. In contrast, there 
have already been a few reports of anaphylaxis to 
sugammadex. 

Sugammadex became available in the UK in 2008. 
Its high cost has limited its use. 


NEUROMUSCULAR MONITORING 


There is no clinical tool available to measure neuro- 
muscular transmission accurately in a muscle group. 
Thus, neither the amount of acetylcholine released in 
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Glucopyranoside unit 


The cyclical structure of sugammadex consisting of eight glucopyranoside units linked by oxygen radicals (ex- 


ample marked by circle). The negatively charged hydrophilic chains on the outside of the molecule attract rocuronium to the core 


of the toroid. (Downloaded from Wikipedia, freely accessible.) 


response to a given stimulus nor the number of post- 
synaptic receptors blocked by a non-depolarizing mus- 
cle relaxant may be assessed. However, it is possible to 
obtain a crude estimate of muscle contraction during 
anaesthesia using a variety of techniques. All require 
the application to a peripheral nerve of a current of up 
to 60 mA, for a fraction of a millisecond (often 0.2 ms), 
necessitating a voltage of up to 300 mV. Usually, a nerve 
which is readily accessible to the anaesthetist, such as 
the ulnar, facial or common peroneal nerve, is used. 
The muscle response to the nerve stimulus may then be 
assessed by either visual or tactile means, or it may be 
recorded by more sophisticated methods. 


Mechanomyography 


A strain-gauge transducer may be used to measure the 
force of contraction of, for instance, the thumb, in re- 
sponse to stimulation of the ulnar nerve at the wrist. 
This measurement may then be charted using a re- 
cording device. Accurate measurements of the twitch 
or tetanic response may be made, although the hand 


must be splinted firmly for reproducible results. This 
technique is primarily a research tool. 


Electromyography 


The electromyographic response of a muscle is 
measured in response to the same electrical stimulus, 
using recording electrodes similar to ECG pads placed 
over the motor point of the stimulated muscle. For in- 
stance, if the ulnar nerve is stimulated, the recording 
electrodes are placed over the motor point of adductor 
pollicis in the thumb (Fig. 6.8). A compound muscle 
action potential may be recorded. Although primarily 
a research tool, there are several simple clinical instru- 
ments, such as the Datex Relaxograph, which give a less 
accurate, but similar recording. Maintaining the exact 
position of the hand is not as essential with electro- 
myography as with mechanomyography. 


Accelerography 


With this technique, the acceleration of the thumb is 
measured in response to the nerve stimulus and the force 
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FIGURE 6.8 ™ Positioning of the hand necessary to obtain 
an electromyographic recording of the response of the adduc- 
tor pollicis muscle to stimulation of the ulnar nerve is dem- 
onstrated. An earth electrode is placed round the wrist. Two 
recording electrodes are placed over the muscle on the hand; 
the distal one lies over the motor point. 


of contraction may be derived (force = mass X accelera- 
tion). Clinical equipment is available (e.g. the TOF 
Watch, which is an accelerograph) which provides a 
quantitative assessment of, for instance, the twitch 
height in comparison with a control reading. The 
TOF Watch SX in addition gives a read-out of the 
train-of-four ratio (TOFR). This is essential to de- 
termine if an anticholinesterase is to be avoided. The 
TOFR must have reached 0.9 before extubation can 
be effected safely. 


Modes of Stimulation 


Several different rates of stimulation can be applied to 
the nerve in an attempt to produce a sensitive index 
of neuromuscular function. It is considered essential 
always to apply a supramaximal stimulus to the nerve, 
i.e. the strength of the electrical stimulus (V) should 
be increased until the response no longer increases. It 
is then increased by an additional 25%. 


Twitch 


A square-wave stimulus of short duration (0.1—0.2 ms) 
is applied to a peripheral nerve. In isolation, such a 
stimulus is of limited value, although if applied re- 
peatedly, before and after a dose of a muscle relaxant, 
it may be possible to assess crudely the effects of the 
drug. Such rates of stimulation have the benefit of be- 
ing less painful than tetanic stimulation, with no un- 
toward effects after recovery from anaesthesia. 
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Train-of-Four (TOF) Twitch Response 


In an attempt to assess the degree of neuromuscular 
block clinically, Ali et al (1971) described a develop- 
ment of the twitch response which, it was hoped, 
would be more sensitive than repeated single twitches 
and did not require a control response. Four stimuli 
(at 2 Hz) are applied over 2s, with at least a 10-s gap 
between each TOF. On administration of a small dose 
of a non-depolarizing muscle relaxant, fade of the am- 
plitude of the TOF may be visible. The ratio of the 
amplitude of the fourth to the first twitch is called the 
train-of-four ratio (TOFR). In the presence of a larger 
dose of such a drug, the fourth twitch disappears first, 
then the third, followed by the second and, finally, 
the first twitch (Fig. 6.9A). On recovery from neuro- 
muscular block, the first twitch appears first, then the 
second (when the first twitch has recovered to about 
20% of control), then the third, and finally the fourth 
(Fig. 6.9B). 

It is generally thought that at least three of the four 
twitches must be absent to obtain adequate surgical 
access for upper abdominal surgery. Full reversal can 
only be relied upon if at least the second twitch is vis- 
ible when an anticholinesterase is given. After reversal, 
good muscle tone — as assessed clinically by the patient 
being able to cough, raise his or her head from the pil- 
low for at least 5s, protrude the tongue and have good 
grip strength — may be anticipated when the TOFR has 
reached at least 0.7. However, recovery to a TOFR of 
0.9 has now been shown to be necessary prior to extu- 
bation if the airway is to be protected completely. 

It is recognized that, although the number of 
twitches present in the TOF during neuromuscular 
block is easily counted by visual or tactile means, it is 
impossible, even for the expert, to assess the value of 
the TOFR accurately by these methods. Visual or tactile 
evaluation fails to detect any fade of the TOF when the 
ratio is in excess of 40%. Thus, failure to detect fade 
with a nerve stimulator does not always guarantee ad- 
equate reversal. Recording of the TOFR is essential for 
this purpose. 


Tetanic Stimulation 


This is the most sensitive form of neuromuscular 
stimulation. Frequencies of 50-100Hz are applied 
to a peripheral nerve to detect even minor degrees 
of residual neuromuscular block; thus, tetanic fade 


A ATRAC 
B NEOST 
FIGURE 6.9 
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(A) After administration of a non-depolarizing muscle relaxant (in this instance, atracurium (ATRAC), the de- 


crease in height of the fourth twitch of the TOF response is more marked than the decrease in height of the third twitch, which is 
more marked than the decrease in the second, which is greater than the decrease in the first. The effect is known as ‘fade’. Within 
2 min, the TOF response has been ablated completely. (B) On recovery, the first twitch response appears first, then the second, 
the third and finally the fourth. Marked fade is present, but after administration of an anticholinesterase (neostigmine (NEOST)) 


recovery of all four twitches occurs rapidly. 


may be present when the twitch response is normal. 
Tetanic rates of stimulation may be applied under 
anaesthesia, but in the awake patient they are intoler- 
ably painful. Indeed, on recovery from anaesthesia in 
which tetanic stimulation has been applied, the pa- 
tient may be aware of some discomfort in the area of 
application. 


Post-Tetanic Potentiation or Facilitation 


This method of monitoring was developed in an 
attempt to assess more profound degrees of neuro- 
muscular block produced by non-depolarizing 
neuromuscular blocking agents. If a single twitch 
stimulus is applied to the nerve with little or no neuro- 
muscular response, but after a 5s delay a burst of 
50-Hz tetanus is given for 5s, the effect of a further 
twitch stimulus 3s later is enhanced (Fig. 6.6). In the 
presence of profound block, the effect of repeated 
single twitches applied after the tetanus until the 


response disappears can be counted; this is termed the 
post-tetanic count. The augmentation of the twitch is 
thought to be caused by presynaptic mobilization of 
acetylcholine as a result of the positive feedback effect 
of the run of tetanus. 


Double-Burst Stimulation (DBS) 


In an attempt to develop a clinical tool which would 
allow more accurate assessment of residual block by 
visual or tactile means than fade of the TOF response, 
Viby-Mogensen suggested the application of two or 
three short bursts of 50-Hz tetanus, each comprising 
two or three impulses separated by a 750-ms interval. 
Each square-wave impulse lasts for 0.2 ms (Fig. 6.10). 
If records of the fade of the DBS and the TOF re- 
sponse are compared, they are very similar, but there 
is evidence to suggest that visual assessment of DBS 
in the later stages of recovery (TOFR <0.6), is more 
accurate. 
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FIGURE 6.10 = The pattern of double-burst stimulation. 
Three bursts of 50-Hz tetanus, at 20-ms intervals, separated 
by a 750-ms gap, are shown. 


Indications for Neuromuscular Monitoring 


It is preferable always to monitor neuromuscular 
function when a muscle relaxant is used during an- 
aesthesia, but it is especially indicated in the following 
circumstances: 


= during prolonged anaesthesia, when repeated in- 
crements of neuromuscular blocking agents are 
required 

m when infusions of muscle relaxants are given 
(including in the ITU) 


MUSCLE FUNCTION AND NEUROMUSCULAR BLOCKADE 


E in the presence of renal or hepatic dysfunction 

m in patients with neuromuscular disorders 

m in patients with a history of sensitivity to a mus- 
cle relaxant or poor recovery from block 

m when poor reversal of neuromuscular block is 
encountered unexpectedly. 
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SEDATIVE AND ANXIOLYTIC DRUGS 


|S is best considered as a continuum 


between normal consciousness and general an- 
aesthesia. The most frequently cited description 
of the varying levels of sedation utilized in clini- 
cal practice is that from the American Society of 
Anesthesiologists (Table 7.1). 

There is a seamless progression from minimal se- 
dation to deep sedation, in which verbal contact and 
protective airway reflexes may be lost. It is very diffi- 
cult to predict how an individual patient will respond 
to a sedative agent. The ability of the patient to main- 
tain a patent airway independently is one character- 
istic of moderate or conscious sedation, but even at 
this level of sedation it cannot be assumed that pro- 
tective airway reflexes are intact. Deep sedation may 
progress easily to be indistinguishable from general 
anaesthesia, and a higher level of skill is needed to 
ensure the safe management of the patient. The de- 
gree of apparent sedation is related to the stimulation 
from the procedure, and patients can move rapidly 
between levels of sedation due to procedural effects 
without any change in drug dosage. It is therefore im- 
portant that healthcare professionals delivering seda- 
tion have the necessary skill set to cope with sedation 
which is deeper than intended. Similarly, patients 
having sedation should be fasted in an identical man- 
ner to patients having a general anaesthetic. 

The difference between sedative and anaesthetic 
drugs is largely one of usage. Many anaesthetic drugs 
may be used at reduced dosage to produce sedation 
and, similarly, agents used primarily as sedatives will 
produce a form of anaesthesia if given in sufficiently 
high doses. The usual target is to produce conscious 


sedation, i.e. to titrate drug therapy so the patient is 
free of anxiety, free of pain and responding purpose- 
fully to command. In adults, this corresponds to the 
levels of sedation from anxiolysis to moderate sedation 
as described in Table 7.1. 

Over recent years, there has been an increased fo- 
cus of safe sedation practice by regulatory agencies. 
When sedation is used in areas outside the operating 
theatre environment, and by non-anaesthetic per- 
sonnel, there is a particular need to ensure adequate 
provision of facilities, equipment and competent 
personnel. An audit of sedation for over 14000 up- 
per gastrointestinal endoscopies published in 1995 
demonstrated a 30-day mortality of 1:2000 and a 
morbidity rate of 1:2003, primarily due to respira- 
tory and cardiovascular problems. As a result, several 
practice guidelines have been published to address 
these issues. Examples include guidance on sedation 
for upper gastrointestinal endoscopy, procedures in 
the emergency department and dental surgery, and 
the sedation of children. Many of these documents 
share key messages: the requirement of a trained 
individual solely responsible for monitoring the pa- 
tient during sedation; the mandatory use of pulse 
oximetry; the importance of supplementary oxygen 
therapy during sedation; the need for comprehen- 
sive resuscitation equipment which must be imme- 
diately available; and the need for personnel who are 
trained to recognize, and are competent to manage, 
cardiorespiratory complications. This guidance re- 
lates solely to conscious sedation. If deep sedation is 
required, the patient requires a level of care identical 
to that needed for general anaesthesia. 
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TABLE 7.1 


Continuum of Depth of Sedation: Definition of General Anaesthesia and Levels of Sedation/ 
Analgesia. American Society of Anesthesiologists, 2009 


Moderate 
Sedation 


Minimal 
Sedation 


Deep General 


Sedation Anaesthesia 


Responsiveness Normal response to 
verbal stimulation 


stimulation 


Purposeful response 
to verbal or tactile 


Purposeful response Unrousable even with 
following repeated or 


painful stimulation 


painful stimulation 


Airway Unaffected Maintained without Intervention may be Intervention often 
intervention required required 
Ventilation Unaffected Adequate May be inadequate Frequently 
inadequate 
Cardiovascular Unaffected Usually maintained Usually maintained May be impaired 


INDICATIONS FOR THE USE 
OF SEDATIVE DRUGS 


Procedural Sedation 


This is defined as the administration of sedative(s) 
(with or without analgesics) to induce a state which 
allows a patient to tolerate unpleasant procedures 
whilst maintaining cardiorespiratory function and 
the ability to maintain airway control independently 
and continuously. Procedural sedation may be used 
for a variety of interventions including radiological 
investigations, gastrointestinal endoscopy and tran- 
soesophageal echocardiography. However, there is no 
absolute indication for the use of sedation and many 
procedures for which sedation was felt previously to be 
mandatory can now be undertaken without the need 
for systemic drug therapy. The requirement for pro- 
cedural sedation should be determined by a combina- 
tion of patient, procedural and operator factors. It is 
always important to ensure that the benefits of proce- 
dural sedation (such as greater patient satisfaction and 
better tolerance of the procedure) outweigh the associ- 
ated risks. Sedation should never be used for the con- 
venience of the individual performing the procedure. 
The commonest reasons for the use of procedural 
sedation are to provide anxiolysis for the concerned 
patient, analgesia for painful procedures and to allow 
longer procedures (e.g. interventional radiology) to 
be better tolerated. In individuals with significant car- 
diac comorbidity, sedation may also attenuate the car- 
diovascular stimulation (and increase in myocardial 
oxygen demand) associated with some procedures. 


It is important that the sedative agent used will tar- 
get the specific undesirable symptom. For example, 
sedatives such as benzodiazepines have no analge- 
sic action and will not provide effective sedation for 
painful procedures. Great care must be taken when 
co-administering sedative drugs and systemic opioids. 
The synergism between these two groups of drugs sig- 
nificantly increases the risks of airway obstruction and 
respiratory depression. 


Premedication 


Sedative drugs may be given in the preoperative pe- 
riod to reduce the apprehension experienced before 
undergoing anaesthesia and surgery. Sedation may be 
particularly useful in young children, patients with 
learning difficulties and individuals who are very 
anxious. Sedative drugs given in this way augment 
the actions of anaesthetic agents. The choice of drug 
depends on the patient, the proposed surgery and the 
prevailing circumstances; for example, requirements 
for patients undergoing ambulatory surgery are dif- 
ferent from those scheduled for major surgery as an 
inpatient. The oral route of administration is preferred 
and benzodiazepines are the drugs used most com- 
monly for this purpose. Nasal administration may be 
useful in children. 


Supplementation of General or Regional Anaesthesia 


The synergy between sedative drugs and intravenous in- 
duction agents is used in the technique of co-induction. 
The administration of a small dose of sedative may re- 
sult in a significant reduction in the dose of induction 


agent required, and therefore in the frequency and 
severity of side-effects. Patients undergoing regional 
anaesthetic techniques (e.g. for joint arthroplasty) may 
also receive supplemental sedation to help alleviate 
anxieties regarding hearing or seeing parts of the sur- 
gery, or to help maintain comfort for prolonged sur- 
gery. A target-controlled infusion of propofol is used 
increasingly for this purpose. Studies in the elderly have 
found that sedation regimens can relatively frequently 
produce a deeper level of sedation than intended, 
resulting in unplanned general anaesthesia. 


Awake Fibreoptic Tracheal Intubation 


Sedation is often used to supplement the use of topical 
local anaesthesia when awake fibreoptic intubation is 
necessary. Because mask ventilation or tracheal intuba- 
tion may be difficult or indeed impossible in some of 
these cases, great caution must be taken not to depress 
consciousness or respiratory drive. For this reason, 
an infusion of remifentanil (either manual or target- 
controlled) is used frequently for sedo-analgesia. 


Critical Care 


Most critically ill patients require sedation to facilitate 
mechanical ventilation and other therapeutic inter- 
ventions in the intensive care unit (ICU). With the in- 
creasing sophistication of mechanical ventilators, the 
modern approach is to titrate adequate analgesia with 
sufficient sedation to maintain the patient in a tranquil 
but rousable state. The pharmacokinetic profiles of in- 
dividual drugs should be considered because sedatives 
are inevitably given by infusion for prolonged periods 
in patients with potential organ dysfunction and im- 
paired ability to metabolize or excrete drugs. Many dif- 
ferent drugs and regimens have been used to provide 
short-term and long-term sedation in the ICU, includ- 
ing benzodiazepines, anaesthetic agents such as propo- 
fol, opioids, and most recently, a,-adrenergic agonists. 
There is no evidence supporting the use of any par- 
ticular regimen or combination of agents. 

The value of sedation titration by such measures 
as the Ramsay Sedation Score or Richmond Agitation 
Sedation Scale during critical care has been recognized 
for many years, but more attention has focused recently 
on the importance of daily sedation ‘holds’. These daily 
interruptions in the sedative and analgesic infusions of 
selected patients help avoid the accumulation of these 


INDICATIONS FOR THE USE OF SEDATIVE DRUGS 107 


agents and this now forms part of the ventilator care 
bundle package. This has been shown to decrease the 
incidence of some complications associated with 
mechanical ventilation during critical illness, such as 
ventilator-associated pneumonia. In addition, sedation 
‘holds’ may facilitate weaning from mechanical venti- 
lation, thereby decreasing the length of stay in critical 
care and the need for tracheostomy. 


Administration Techniques 


The administration of sedative drugs requires skill 
and vigilance, not least because of the seamless pro- 
gression from light sedation to general anaesthesia. 
Traditionally, sedative drugs have been administered 
by intermittent intravenous bolus doses titrated to 
effect. There is considerable variability in the indi- 
vidual response to a given dose and there are many 
circumstances in which medical practitioners with- 
out anaesthetic training administer sedatives. Recent 
technological advances in microprocessor-controlled 
infusion pumps have improved the safety of admin- 
istration of sedatives. Patient-controlled analgesia sys- 
tems have been programmed for patient-controlled 
sedation, usually to maintain sedation after an initial 
bolus dose administered by the physician. When the 
system is wholly patient-controlled, the mean dose 
of sedative drug decreases while the range increases. 
In target-controlled infusion (TCI), an adapted sy- 
ringe driver is programmed with the pharmacokinetic 
model of a drug and designed to rapidly achieve (and 
subsequently maintain) a prescribed ‘target’ plasma 
concentration. The individual using a TCI system is 
able to set (and alter) the desired concentration based 
on the clinical assessment of the patient. There are sev- 
eral different pharmacological models, each specific 
for an individual drug. Examples include Marsh and 
Schnider (propofol), Minto (remifentanil) and Maitre 
(alfentanil). All these models adjust for variations in 
pharmacokinetics due to gender, age and weight. 


Sedative Drugs 


Most sedative drugs may be categorized into one of 
three main groups: benzodiazepines, antipsychotics 
and «,-adrenoceptor agonists. Drugs classified more 
usually as intravenous anaesthetic agents, particularly 
propofol and ketamine, are also used as sedatives in 
subanaesthetic doses; the pharmacology of these drugs 
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is discussed in Chapter 3. Similarly, remifentanil, which 
is used increasingly as part of a sedative regimen, is 
described fully in Chapter 5. Inhaled anaesthetics (see 
Ch 2) are also used occasionally as sedatives (e.g. sevo- 
flurane to an end-tidal concentration of 0.3—0.5 kPa, 
or nitrous oxide). 


BENZODIAZEPINES 


The term benzodiazepine originates from the structure 
of the molecule, which consists of the fusion of a ben- 
zene and diazepine ring. These drugs were developed 
initially for their anxiolytic and hypnotic properties 
and largely replaced oral barbiturates in the 1960s due 
to their favourable pharmacological profile: minimal 
cardiorespiratory effects, the production of anterograde 
amnesia and a lower incidence of physical dependence. 
As parenteral preparations became available, they rap- 
idly became established in anaesthesia and intensive care. 
All benzodiazepines have similar pharmacological ef- 
fects; their therapeutic use is determined largely by their 
potency and the available pharmaceutical preparations. 
Benzodiazepines are often classified by their duration of 
action as long-acting (e.g. diazepam), medium-acting 
(e.g. temazepam) or short-acting (e.g. midazolam). 


Pharmacology 


Benzodiazepines exert their actions by high-affinity 
binding to a specific benzodiazepine binding site, which 
is part of the y-aminobutyric acid (GABA) receptor 
complex. GABA is the major inhibitory neurotrans- 
mitter in the central nervous system (CNS), with most 
neurones undergoing GABA-ergic modulation. The 
benzodiazepine site is an integral part of the GABA, 
receptor subtype. Binding of the agonist increases the 
affinity of the GABA, receptor to GABA, producing an 
increased frequency of the opening of the chloride ion 
channel, and thus an increase in intracellular chloride 
transmission. This causes hyperpolarization of the 
postsynaptic membrane, which makes the neurone re- 
sistant to excitation. Benzodiazepine binding sites are 
found throughout the brain and spinal cord, with the 
highest density in the cerebral cortex, cerebellum and 
hippocampus, and with a lower density in the medulla. 
The absence of GABA, receptors outside the CNS is 
consistent with the good cardiovascular safety profile 
of these drugs. 


The GABA, receptor is a large structure which also 
contains separate binding sites for other drugs including 
barbiturates, alcohol and propofol. The binding of other 
compounds to the benzodiazepine binding site explains 
the synergistic effects seen with some other drugs. This 
synergy may lead to dangerous depression of the CNS 
if drugs are used in combination and also results in 
pharmacological cross-tolerance, e.g. with alcohol. It is 
also consistent with the use of benzodiazepines to man- 
age the symptoms associated with acute withdrawal 
or detoxification from alcohol or other drugs. Elderly 
patients are particularly sensitive to the effects of benzo- 
diazepines and dosage should be reduced accordingly. 

The benzodiazepine antagonist flumazenil occupies 
the benzodiazepine binding site but produces no activ- 
ity. Benzodiazepine compounds have been developed 
which are ligands at the benzodiazepine binding site 
but have inverse agonist activity, resulting in cerebral 
excitement. These compounds are also antagonized by 
flumazenil. This mirrors the way in which paradox- 
ical reactions to benzodiazepines in the elderly are re- 
versed by flumazenil and exacerbated by increasing the 
dose of the original drug. Other more sinister causes of 
restlessness, such as hypoxaemia and local anaesthetic 
toxicity, should always be excluded first. 


Physical Properties 


Benzodiazepines are relatively small lipid-soluble mol- 
ecules. Unlike diazepam and lorazepam, which are dis- 
solved in solvents (polyethylene and propylene glycol 
previously, now lipid emulsions), midazolam is water- 
soluble. This is due to the presence of an imidazole ring 
in its structure, which allows midazolam to act as a 
structural isomer demonstrating tautomerism (isom- 
erism triggered by a change in the physical environ- 
ment). Midazolam is prepared in a solution buffered to 
a pH of <4. At this pH, the imidazole ring is open and 
the molecule is ionized and therefore water-soluble. 
When the molecule is exposed to the higher pH of the 
body, the molecule forms the unionized ring, resulting 
in high lipid solubility. 


Systemic Effects 


CNS Effects 


The characteristic CNS effects seen with all benzo- 
diazepines are anxiolysis, sedation, anterograde am- 
nesia and antiepileptic activity. The degree to which 


individual benzodiazepines produce these effects is 
variable, and is thought to be related to their affinity 
for particular subunits of the GABA, receptor. For 
example, benzodiazepines with high activity at the a, 
and/or a, subunits tend to have more sedative and am- 
nesic effects, whilst those with activity at a, and/or a, 
subunits produce more anxiolysis. 

Anxiolysis occurs at low dosage and these drugs are 
used extensively for the treatment of acute and chronic 
anxiety states. It is these anxiolytic properties which 
make benzodiazepines so useful in premedication and 
during unfamiliar or unpleasant procedures. Longer- 
acting oral drugs such as diazepam and chlordiazep- 
oxide have a place in the management of acute alcohol 
withdrawal states. 

Chronic administration of benzodiazepines re- 
sults in benzodiazepine site downregulation, with de- 
creased binding affinity and function, explaining, at 
least in part, the development of tolerance. Chronic 
administration also leads to physical and psychologi- 
cal dependence, although these drugs are less addictive 
than opioids and barbiturates. Abrupt withdrawal may 
lead to a clinical syndrome similar to that seen in acute 
alcohol withdrawal; consequently, doses of benzodi- 
azepines should be reduced gradually after chronic 
administration. 

Sedation occurs as a dose-dependent depression 
of cerebral activity with mild sedation at low recep- 
tor occupancy progressing to a state similar to general 
anaesthesia when most receptor sites are occupied 
(Table 7.2). Benzodiazepines have a high therapeu- 
tic index (ratio of effective to lethal dose) because, in 
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overdose, the differences in receptor density result in 
greater sensitivity to cortical than to medullary de- 
pression. However, upper airway obstruction and loss 
of protective reflexes occur before profound sedation 
ensues, and are a major hazard following inadvertent 
oversedation or self-poisoning. 

Amnesia is a common sequel to intravenous ad- 
ministration of benzodiazepines and is useful for 
patients undergoing unpleasant or repeated proce- 
dures. Amnesia is anterograde, affecting the acqui- 
sition of new information; retrograde amnesia has 
not been demonstrated following administration of 
benzodiazepines. 

Antiepileptic activity is the result of prevention of 
the subcortical spread of seizure activity. Intravenous 
lorazepam and diazepam may be used to terminate sei- 
zures and clonazepam is used as an adjunct in chronic 
antiepileptic therapy. Benzodiazepines increase the 
threshold to seizure activity in local anaesthetic toxi- 
city but may also mask the early signs. 

Benzodiazepines have enjoyed wide use as a treat- 
ment for insomnia and are effective particularly for 
acute insomnia. However, chronic use is not recom- 
mended because of problems with tolerance and depen- 
dence, leading to difficulty in withdrawal of treatment. 
The use of benzodiazepines as hypnotics has now been 
partly superseded by more modern non-benzodiazepine 
hypnotics such as zopiclone, which also acts at the ben- 
zodiazepine site, and dependence can still occur. 

Benzodiazepines decrease cerebral metabolic oxy- 
gen requirement and cerebral blood flow in a dose- 
dependent fashion, and the cerebrovascular response 


TABLE 7.2 


Relationship Between the Effects Seen with Benzodiazepines and Receptor Occupancy 


Midazolam Dose Effect Receptor Occupancy(%) Flumazenil Dose to Reverse 
Low dose Antiepileptic 20-25 Low dose 
Anxiolysis 20-30 


Slight sedation 


Reduced attention 25-50 
Amnesia 
Intense sedation 60-90 


Muscle relaxation 


High dose Anaesthesia 


High dose 
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to carbon dioxide is preserved; consequently, they are 
suitable for use in selected patients with intracranial 
pathology. However, it should be noted that benzo- 
diazepines do not prevent the increase in intracranial 
pressure associated with laryngoscopy and tracheal in- 
tubation. In addition, depression of ventilation caused 
by benzodiazepines in the spontaneously breathing 
patient results in an increase in arterial PaCO,, which 
is undesirable if intracranial compliance is reduced. 

Unwanted CNS side-effects include drowsiness and 
impaired psychomotor performance. Even when resid- 
ual sedative effects are minimal, there may be impaired 
cognitive function and motor coordination, which 
should be taken into consideration when assessing fit- 
ness for discharge in ambulatory surgery. 


Muscle Relaxation 


Benzodiazepines produce a mild reduction in muscle 
tone, which may be advantageous, e.g. during me- 
chanical ventilation in the ICU, when reducing ar- 
ticular dislocations or during endoscopy. However, 
muscle relaxation is partly responsible for the airway 
obstruction which may occur during intravenous se- 
dation. The muscle relaxation is not related to any ef- 
fect at the neuromuscular junction, but results from 
suppression of the internuncial neurones of the spinal 
cord and depression of polysynaptic transmission in 
the brain. 


Respiratory Effects 


Benzodiazepines produce dose-related central depres- 
sion of ventilation. The ventilatory response to carbon 
dioxide is impaired and hypoxic ventilatory responses 
are markedly depressed. It follows that patients with 
hypoventilation syndromes and type 2 respiratory 
failure are particularly sensitive to the respiratory de- 
pressant effects of benzodiazepines. Ventilatory de- 
pression is exacerbated by airway obstruction and is 
more common in the elderly. Synergism occurs when 
both opioids and benzodiazepines are administered. If 
both types of drug are to be given intravenously, the 
opioid should be given first and its effect assessed. A 
reduction of up to 75% in the dose requirement of the 
benzodiazepine should be anticipated. It should be 
standard practice to provide supplemental oxygen and 
to monitor oxygen saturation continuously by pulse 
oximetry during intravenous sedation. 


Cardiovascular Effects 


Benzodiazepines produce modest haemodynamic ef- 
fects, with good preservation of homeostatic reflex 
mechanisms and a much wider margin of safety than 
intravenous anaesthetic agents. A decrease in systemic 
vascular resistance results in a small decrease in arter- 
ial pressure. Significant hypotension may occur in the 
hypovolaemic patient. 


Pharmacokinetics 


Benzodiazepines are relatively small lipid-soluble mol- 
ecules, which are readily absorbed orally and which pass 
rapidly into the CNS. Midazolam undergoes significant 
first-pass hepatic metabolism with only around 50% of 
an oral dose reaching the systemic circulation. Volume 
of distribution is large, as would be expected from such 
a highly lipid soluble compound. All benzodiazepines 
are extensively protein bound (>96%). 

After intravenous bolus administration, termina- 
tion of action occurs largely by redistribution and 
hepatic metabolism. Compared with drugs such as 
propofol, benzodiazepines have a slower effect site 
equilibration time. This suggests that time should 
be allowed to assess the full clinical effect before ad- 
ministering a further intravenous incremental dose. 
Elimination takes place by hepatic metabolism fol- 
lowed by renal excretion of the metabolites. There are 
two main pathways of metabolism involving either mi- 
crosomal oxidation or conjugation with glucuronide. 
The significance of this is that oxidation is much more 
likely to be affected by age, hepatic disease, drug inter- 
actions and other factors which alter the concentration 
of cytochrome P450. Some of the benzodiazepines, 
including diazepam, have active metabolites which 
greatly prolong their clinical effects. Renal dysfunction 
results in the accumulation of these metabolites, and 
this is an important factor in delayed recovery from 
prolonged sedation in the ICU. Benzodiazepines do 
not induce hepatic enzyme metabolism pathways. 


Diazepam 

Diazepam was the first benzodiazepine available for 
parenteral use. It is insoluble in water and was formu- 
lated initially in propylene glycol, which is very irritant 
to veins and which is associated with a high incidence 
of thrombophlebitis. A lipid emulsion (Diazemuls) 
was developed later. Both formulations are presented 


in 2-mL ampoules containing 5mg mL”. Diazepam is 
also available orally as tablets or a syrup with a bio- 
availability of 100% and as a rectal solution and sup- 
positories. The elimination half-life is 20-70h, but 
active metabolites are produced, including desmethyl- 
diazepam (half-life 36—200h) and nordiazepam (half- 
life >100h). Clearance is reduced in the presence of 
hepatic dysfunction. Although diazepam can be given 
by the intramuscular route, absorption is unpredict- 
able, and the injection is very painful. 


Dosage 


m Premedication: 10-20mg orally 1-1.5h pre- 
operatively. 

= Sedation: 5-10 mg i.v. slowly; incremental bo- 
luses of 1-2 mg. 

m Status epilepticus: 2mg, repeated every minute 
until seizure ends; maximum dose 20 mg. 

m Intensive care: not suitable for infusion; i.v. bolus 
dose 5-10 mg may be used 4—hourly. However, 
the long half-life of the active metabolites makes 
diazepam undesirable for sedation in critical care 
patients. 


Temazepam 


This benzodiazepine is only available orally but is used 
widely as a premedicant because of its anxiolytic prop- 
erties. Oral absorption is complete but it may take up to 
2h to reach peak plasma concentrations. Metabolism 
takes place in the liver by conjugation with glucur- 
onide and there are no significant active metabolites. 
Elimination half-life is shorter than diazepam (8-15 h) 
and onset of action more rapid (45—60 min). Tolerance 
and dependence are less likely to occur with chronic 
use of temazepam and it has been prescribed widely 
as a hypnotic. 


Dosage 


= Premedication: 10-30 mg orally 60-120 min pre- 
operatively. 


Lorazepam 


This drug is available for parenteral, oral and intra- 
muscular administration but is not used routinely as 
an intravenous sedative because it is limited by a slow 
onset of action. The intramuscular route should be 
used only when no other route is available. Intravenous 
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lorazepam is currently the drug of choice in the man- 
agement of status epilepticus, because it has a longer 
duration of antiepileptic action than diazepam (see be- 
low). It can also be used in the management of severe 
acute panic attacks. Metabolism is by glucuronidation, 
with an elimination half-life of 12-15h. Amnesia is a 
marked feature of this drug. 


Dosage 
m Premediciation: 14mg orally 1-2 h preoperatively. 
m Panic attacks: 25-30pgkg" iv. or i.m. (maxi- 
mum 4 mg). 
m Status epilepticus: 4 mg i.v., repeated after 10 min. 


Midazolam 


Midazolam is available for intravenous, intramuscu- 
lar, oral, rectal and buccal administration. The drug 
becomes highly lipid-soluble and penetrates the brain 
rapidly with the onset of sedation in less than 90s and 
peak effect at 2-5 min. Oral bioavailability is 40-50%. 
Unlike diazepam, intramuscular absorption is rapid. 
Midazolam undergoes hepatic oxidative metabolism 
and has an elimination half-life of 2h. The major me- 
tabolite, hydroxymidazolam, has a half-life of around 
1h, and although it is biologically active, it is clinically 
important only after prolonged infusion in patients 
with renal impairment. Midazolam is 1.5-2 times 
more potent than diazepam and has much more 
favourable pharmacokinetics for use as a short-term 
intravenous sedative. 


Dosage 


m Premedication: 0.5mgkg™ orally (maximum 
30mg) or 70-100 ugkg` i.m. 30-60min pre- 
operatively. 

m Sedation: 25-50 ugkg™` i.v., then incremental 
boluses of 0.5-1 mg to a maximum of 7.5 mg. 
Reduce dose by at least 50% in the elderly. 

m ICU sedation: loading dose of 30-300 pg kg"! i.v., 
then infusion of 30-200 pgkg™'he'. 


Flumazenil 


Flumazenil is a very high-affinity competitive an- 
tagonist for all other ligands at the benzodiazepine 
binding site. It rapidly reverses all the CNS effects 
of benzodiazepines and also the other potentially 
dangerous adverse physiological effects, including 
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respiratory and cardiovascular depression, and air- 
way obstruction. It is used to reverse excessive seda- 
tion following benzodiazepine administration, either 
by iatrogenic overdose, following prolonged periods 
of sedation in ICU or by deliberate ingestion to cause 
self-harm. Flumazenil has only very slight intrinsic 
activity at high doses and is very well tolerated, with 
minimal adverse effects. It has no effect on benzo- 
diazepine metabolism. Flumazenil is rapidly cleared 
from plasma and metabolized by the liver. It has a 
very short elimination half-life of less than 1h. Its 
duration of action depends on the dose administered 
and the identity and dose of the agonist. It ranges 
from 20 min to 2h and the potential exists for reseda- 
tion if the agonist has a long half-life, necessitating a 
period of close observation. Repeated administration 
may be necessary. 


Dosage 


m The usual clinically effective dose is 300—600 ug 
i.v. given as 100-200 ug boluses and repeated at 
l-min intervals to a maximum of 1 mg. When 
used in ICU, a total dose of up to 2mg may be 
necessary. Flumazenil may also be given as an in- 
fusion (100—400 ugh™'’). 


Cautions 


m Epileptic patients: there is a risk of seizures, espe- 
cially if a benzodiazepine has been prescribed as 
antiepileptic therapy. 

m Benzodiazepine dependence: withdrawal symp- 
toms may be precipitated. 

m Anxiety reactions: these may occur after rapid re- 
versal of heavy sedation. 

m Patients with severe head injury: flumazenil may 
precipitate a sudden increase in intracranial 
pressure. 


NEUROLEPTICS 


This group of sedative drugs includes the phenothi- 
azines and the butyrophenones, which are structurally 
similar drugs. These drugs are used primarily as anti- 
psychotics in psychiatry. Both classes of drug have a 
high therapeutic index and a flat dose-response curve 
which result in a good safety profile with a low inci- 
dence of respiratory depression even when taken in 


overdose. Neurolepsis describes a characteristic drug- 
induced change in behaviour. There is an altered state 
of awareness, with suppression of spontaneous move- 
ment and a placid compliant affect. Loss of conscious- 
ness does not occur, and spinal and central reflexes 
remain intact. The combination of a neuroleptic drug 
with an opioid, usually fentanyl, is termed neuro- 
leptanalgesia. This was a popular means of providing 
sedation before the advent of intravenous benzodiaz- 
epines. There is no amnesia and the patient may sub- 
sequently report unpleasant mental agitation despite 
a calm demeanour. The opioid obtunds the unpleas- 
ant mental experience but may result in respiratory 
depression. The addition of nitrous oxide may be used 
to produce neuroleptanaesthesia, in which conscious- 
ness is lost. 


Pharmacology 


Neuroleptics interfere with dopaminergic transmission 
in the brain by blocking dopamine receptors. At some 
synapses, dopamine is the stimulatory transmitter 
and GABA the inhibitory transmitter, so in common 
with other sedatives, neuroleptics enhance the effects 
of GABA. Dopamine blockade results in useful anti- 
emetic activity but also carries the inevitable potential 
for extrapyramidal side-effects. These include tardive 
dyskinesia (involuntary movements of tongue, face and 
jaw), Parkinsonian symptoms, akathisia (restlessness) 
and dystonia (abnormal face and body movements). 

All neuroleptic agents have been reported as a cause 
of the neuroleptic malignant syndrome, a rare but po- 
tentially fatal reaction. The syndrome is characterized 
by hyperthermia, muscle hypertonicity, autonomic in- 
stability and fluctuating levels of consciousness. It has 
some features in common with malignant hyperther- 
mia associated with anaesthesia. Treatment includes 
supportive measures, dopamine agonists (e.g. bromo- 
criptine) and dantrolene. 

Neuroleptic drugs also have actions at cholinergic, 
a-adrenergic, histaminergic and serotonergic recep- 
tors, and these properties influence their side-effects 
and the degree of sedation produced. The anti- 
adrenergic effect is responsible for inducing hypo- 
tension, which can result in syncope in the elderly. 
The elderly are also most at risk of hypo- and hyper- 
thermia due to the drugs’ interference with tempera- 
ture regulation. 


Haloperidol 


Haloperidol is a butyrophenone with a long duration 
of action. It has almost no a-adrenoceptor blocking 
activity and so has a minimal effect on the cardiovas- 
cular system. It is a potent antiemetic but has a high 
incidence of extrapyramidal side-effects. Haloperidol 
has fewer antimuscarinic side-effects, but also pro- 
duces less sedation than that seen with chlorproma- 
zine. Haloperidol may be used in the short-term 
management of the acutely agitated patient after sin- 
ister causes of confusion such as hypoxaemia and sep- 
sis have been excluded and is used increasingly in the 
management of ICU psychosis. The duration of action 
of haloperidol is in the region of 24—48 h. 


Dosage 


= Sedation: 2-10 mg i.v. or i.m. (max. 18mg per 24 h). 

m Anxiolysis: 500 ug orally every 12h. 

m Antiemesis: 1.25 mg i.v. is effective in the preven- 
tion of postoperative nausea and vomiting. 


Chlorpromazine 


Chlorpromazine is a phenothiazine which is pre- 
scribed commonly as an antipsychotic but no longer 
used as an adjunct in anaesthesia. It may be used in 
the same way as haloperidol in the acutely confused 
or agitated patient. It has pronounced sedative proper- 
ties and potentiates the actions of anaesthetic drugs. 
There is also marked antiemetic activity. A mild anti- 
cholinergic action moderates the incidence of extra- 
pyramidal effects. «-Adrenoceptor blockade produces 
vasodilatation and may result in hypotension which is 
exacerbated by direct cardiac depression and depres- 
sion of vasomotor reflexes. Central temperature con- 
trol mechanisms are affected by chlorpromazine, with 
a reduced shivering response. 


Dosage 


m Sedation for acute agitation: 25-50 mg orally or 
im. The drug must be diluted and given slowly 
if used intravenously (unlicensed for i.v. use) to 
avoid thrombophlebitis. 


Droperidol 


Droperidol is a butyrophenone with potent anti- 
dopaminergic activity. It is a powerful antiemetic, 
acting at the chemoreceptor trigger zone. Large doses 


a,-ADRENOCEPTOR AGONISTS 113 


may produce dystonic reactions. Droperidol has mild 
a-adrenoceptor blocking actions, which may cause 
vasodilatation after intravenous administration, re- 
sulting in hypotension. Droperidol was widely used 
for premedication and in neuroleptanaesthesia but its 
availability was discontinued in the UK in 2001 due 
to cases of prolonged QT syndrome. It has recently 
been reintroduced with a licence for the prevention 
of postoperative nausea and vomiting. Droperidol has 
an onset time of 3-10 min after intravenous injection, 
with a duration of action of 6-12h. It undergoes he- 
patic metabolism, but approximately 10% of the drug 
is excreted unchanged in the urine. 


Dosage 


m Prophylaxis for PONV: 0.625—1.25 mg i.v. 20 min 
prior to the end of surgery. 


Olanzapine 


Olanzapine is a second generation antipsychotic (or 
atypical antipsychotic) drug. Although not considered 
a classical neuroleptic, it has a similar mechanism of 
action, with antidopaminergic, antihistaminergic and 
antimuscarinic actions. Olanzapine rarely produces 
hypotension and is being used increasingly in the 
management of ICU psychoses. 


Dosage 
m Sedation: 5-10 mg orally (maximum 20 mg daily). 


a,-ADRENOCEPTOR AGONISTS 


a, -Adrenergic receptors are involved in the regulation 
of the release of the neurotransmitter noradrenaline 
(norepinephrine). These receptors were initially classi- 
fied anatomically as presynaptic, but «,-adrenoceptors 
are also found postsynaptically and extrasynaptically. 
The more correct pharmacological classification is 
based on the predominantly «,-selectivity of the ant- 
agonist yohimbine. «,-Adrenoceptors are located peri- 
pherally and centrally, with the centrally mediated 
effects of particular relevance in anaesthesia. 

The characteristic central effects of «,-adrenoceptor 
agonists are sedation, anxiolysis and hypnosis. The 
locus coeruleus is a small neuronal nucleus in the 
upper brainstem which contains the major noradren- 
ergic cell group in the brain. This nucleus is an 
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important modulator of wakefulness. Activation of 
,-adrenoceptors results in inhibition of transmitter 
release. The locus coeruleus also has connections to 
the cortex, thalamus and vasomotor centre. 

a,-Adrenoceptor agonists have analgesic properties. 
Descending fibres from the locus coeruleus decrease 
nociceptive transmission at the spinal level. In addi- 
tion, «,-adrenoceptors occur in primary sensory neu- 
rones and the dorsal horn of the spinal cord. 

Many ligands at æ -adrenoceptors are substituted 
imidazoles. Non-adrenergic imidazole binding sites 
exist in some tissues, including the brain: the imidazo- 
line receptors. I, imidazoline receptors are found in the 
medulla and are involved in the regulation of arterial 
pressure. This may explain the hypotension and bra- 
dycardia which may accompany administration of 
«,-adrenoceptor agonists. Similarly, the I, imidazoline 
receptor may interact with opioid receptors and may 
contribute to the analgesic effect of «,-adrenoceptor 
agonists. 


Clonidine 


Clonidine is an imidazoline compound and a selective 
a,-adrenoceptor agonist with an a:a, ratio of 200:1. 
Clonidine has proved effective in the treatment of pa- 
tients with severe hypertension but it is recognized 
that abrupt discontinuation of therapy can result 
in rebound hypertension. Clonidine is lipid-soluble 
and is absorbed rapidly and almost completely after 
oral administration, with peak plasma concentra- 
tions occurring in 60—90 min. It may be administered 
transdermally and is also available as a solution for 
intravenous, intramuscular, epidural and intrathe- 
cal use. The elimination half-life is 9-13h and 
this is prolonged in renal failure. Fifty percent of an 
administered dose is excreted unchanged by the kid- 
neys and 50% is metabolized in the liver to inactive 
metabolites. 


Systemic Effects 


CNS Effects. Clonidine produces sedation and anxiol- 
ysis. It also reduces requirements for both intravenous 
and volatile anaesthetic agents. There is a ceiling to 
the reduction of MAC effect, because of the potential 
for activity at a -receptors at high dose. More selec- 
tive w,-adrenoceptor agonists reduce MAC to a much 
greater extent. 


Clonidine is a potent analgesic, acting centrally and 
on the w,-adrenoceptors of the dorsal horn. It may be 
administered intravenously, intrathecally or epidur- 
ally to produce an analgesic response. Synergism exists 
with opioids, and the actions of local anaesthetics are 
also potentiated. Clonidine is used to provide analgesia 
in the perioperative period and also in chronic pain 
syndromes. 


CVS Effects. The cardiovascular effects of clonidine 
probably involve both «,-adrenoceptors and imidazo- 
line receptors. Administration leads to decreases in heart 
rate and arterial pressure. Clonidine is known to lower 
the ‘set point’ around which arterial pressure is regu- 
lated. The a,-agonist effects are a reduction in sympa- 
thetic tone and an increase in parasympathetic tone. 
The resulting decreases in heart rate, myocardial con- 
tractility and systemic vascular resistance lead to a re- 
duction in myocardial oxygen requirements. This may 
be advantageous in attenuating stress-induced haemo- 
dynamic responses. However, undesirable cardiovas- 
cular depression has been the major limiting factor in 
developing the use of clonidine as a sedative. 


Respiratory Effects. Clonidine has minor respira- 
tory effects, causing only a small reduction in minute 
ventilation. 


Dosage 

m Premedication: 150-300 ug orally given 1-2 h 
preoperatively. 

m Analgesia: used as an adjunct to local anaesthet- 
ics in both central and peripheral nerve blocks. 

m Critical care: 0-2pgkg'h' iv. as a sedative, 
especially for agitation in drug-dependent 
individuals. 


Dexmedetomidine 


Dexmedetomidine is a selective «,-adrenoceptor ago- 
nist (1600:1, a: a) with eight times more affinity for 
a, -adrenoceptors than clonidine. It has similar seda- 
tive, analgesic and anxiolytic properties to clonidine 
but has a more rapid elimination half-life (2h). The 
reduction in œ, -activity also results in a MAC-sparing 
effect of up to 90%. Like clonidine, it is metabolized 
in the liver with >90% excreted in the urine. The 
side-effect profile is also similar to that of clonidine, 


with hypotension and bradycardia the most frequent 
problems. Dexmedetomidine has recently been ap- 
proved for use in the UK for sedation in the ICU, al- 
though it is also being used off-licence for procedural 
sedation, e.g. awake craniotomy. 


Dosage 


m ICU sedation: infusion at an average of 
0.7 ugkg'h™ (normal range 0.2-1.4ugkg"h''). 

m Procedural sedation: 1 ugkg™ over 10 min, then 
infusion at an average of 0.6p.gkg"'h™ (normal 
range 0.2-1.0pgkg"'hr'). 


OTHER DRUGS 


Paraldehyde 


Paraldehyde is the cyclic trimer of acetaldehyde mol- 
ecules and was used widely as a sedative in psychiatry 
up to the 1960s. Paraldehyde undergoes hepatic metab- 
olism but 10-30% is excreted by the lungs, giving the 
patient’s breath a characteristic odour. It is now used 
for sedation in paediatrics (e.g. for MRI scanning). 
Paraldehyde is contraindicated in gastric disorders. 


Dosage 


m Sedation: 0.3 mLkg` rectally (maximum 10 mL) 
20-30 min pre-procedure. It is usually diluted 1:1 
with olive oil. Paraldehyde dissolves plastic, so if 
given using a plastic syringe, it must be injected 
immediately. Alternatively, feeding tubes or glass 
syringes can be used for administration. 


Chloral Hydrate 


Chloral hydrate is a sedative drug used in the treat- 
ment of insomnia and may be used for the sedation of 
children for brief procedures. Chloral hydrate may be 
given by mouth or per rectum although it is corrosive 
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to mucous membranes unless well diluted with water. 
It has an unpleasant taste which can be disguised with 
sweet juice. Onset is within 15 min and duration can 
be as long as 2h. It is metabolized to trichloroetha- 
nol, which has a half-life of 8-10h. Chloral hydrate is 
contraindicated in gastric disease, and in patients with 
cardiac, hepatic or renal impairment. 


Dosage 


m Sedation: 50-75 mgkg™ orally (maximum 2g) 
20-30 min pre-procedure 


Barbiturates 


These drugs are derived from barbituric acid and are 
now used primarily for induction of anaesthesia and 
in the treatment of epilepsy. They have largely been 
superseded as sedative agents by benzodiazepines but 
some barbiturates are still used for paediatric seda- 
tion in specialist centres, e.g. pentobarbital 2 mgkg™! 
i.v. (short-acting, effective for 1h) or quinalbarbitone 
7.5-10 mg kg"! orally (to a maximum dose of 200 mg) 
(intermediate-acting, effective for around 2h). 


Melatonin 


Melatonin is a hormone secreted by the pineal gland and 
has a role in controlling circadian rhythms. It is used pri- 
marily in the treatment of sleep disorders, but has also 
been used as a sedative agent in both adults and children 
(typical oral dose 3-10 mg). The mechanism by which 
melatonin causes sedation has not been fully elucidated, 
but it may be due to an enhancement of GABA activity. 


FURTHER READING 


American Society of Anesthesiologists, 2009. Continuum of depth of 
sedation: definition of general anesthesia and levels of sedation/ 
analgesia. 

Calvey, N., Williams, N., 2008. Principles and practice of pharmacol- 
ogy for anaesthetists, fifth ed. Wiley-Blackwell, Oxford. 


Me drugs have either primary or secondary 


effects on the cardiovascular and autonomic nervous 
systems. Several of the drugs discussed in this chap- 
ter have more than one clinical indication and the 
drugs are considered according to their mechanism 
of action. An understanding of drugs acting on the 
cardiovascular and autonomic nervous systems re- 
quires an understanding of autonomic physiology 
and pharmacology. 


THE AUTONOMIC NERVOUS 
SYSTEM 


The term autonomic nervous system (ANS) refers 
to the nervous and humoral mechanisms which 
modify the function of the autonomous or auto- 
matic organs. These include heart rate and force of 
contraction, calibre of blood vessels, contraction 
and relaxation of smooth muscle in gut, bladder and 
bronchi, visual accommodation and pupillary size. 
Other functions include regulation of secretion from 
exocrine and other glands and aspects of metabo- 
lism (e.g. glycogenolysis and lipolysis) (Table 8.1). 
There is constant activity of both the sympathetic 
and parasympathetic nervous systems even at rest. 
This is termed sympathetic or parasympathetic tone 
and allows alterations in autonomic activity to pro- 
duce rapid two-way regulation of physiological ef- 
fect. The ANS is controlled by centres in the spinal 
cord, brainstem and hypothalamus, which are in 
turn influenced by higher centres in the cerebral and 
particularly the limbic cortex. The ANS is also in- 
fluenced by visceral reflexes whereby afferent signals 
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CARDIOVASCULAR SYSTEM 


enter the autonomic ganglia, spinal cord, hypothala- 
mus or brainstem and directly elicit appropriate re- 
flex responses via the visceral organs. The efferent 
autonomic signals are transmitted through the body 
to two major subdivisions (separated by anatomi- 
cal, physiological and pharmacological criteria), 
the sympathetic and the parasympathetic nervous 
systems. 


The Sympathetic Nervous System 


The sympathetic nervous system includes nerves 
which originate in the spinal cord between the first 
thoracic and second lumbar segments (T1 to L2). 
Fibres leave the spinal cord with the anterior nerve 
roots and then branch off as white rami communi- 
cantes to synapse in the bilateral paravertebral sympa- 
thetic ganglionic chains, although some preganglionic 
fibres synapse instead in the paravertebral ganglia (e.g. 
coeliac, mesenteric and hypogastric) in the abdomen 
before travelling to their effector organ with the rel- 
evant arteries. Postganglionic fibres travel from para- 
vertebral ganglia in sympathetic nerves (to supply the 
internal viscera, including the heart) and spinal nerves 
(which innervate the peripheral vasculature and sweat 
glands). Sympathetic nerves throughout the circula- 
tion contain vasoconstrictor fibres, particularly in the 
kidneys, spleen, gut and skin; however, sympathetic 
vasodilator fibres predominate in skeletal muscle, and 
coronary and cerebral vessels. Sympathetic stimula- 
tion therefore causes predominantly vasoconstriction 
but also a redistribution of blood flow to skeletal mus- 
cle; constriction of venous capacitance vessels may 
decrease their volume and thereby increase venous 
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TABLE 8.1 


Effects of the Sympathetic and Parasympathetic Nervous Systems on Peripheral Effector Organs, and 
Receptor Subtypes Mediating these Functions (Where Known) 


SYMPATHETIC PARASYMPATHETIC 
Organ Receptor Subtype Effect Receptor Subtype Effect 
Heart B,, also B,, ft Heart rate M, | Heart rate 
?alsoa~and DA,  ¢ Force of contraction | Force of contraction 
t Conduction velocity Slight | conduction velocity 
fî Automaticity (B,) 
Î Excitability 
at, + Force of contraction 
Arteries B, Coronary vasodilatation Me Vasodilatation in skin, skeletal muscle, 
B, Vasodilatation (skeletal muscle) pulmonary and coronary circulations 
at, , OL, Vasoconstriction (coronary, 
pulmonary, renal and splanchnic 
circulations, skin and skeletal muscle) 
DA, B, Splanchnic and renal vasodilatation 
Veins a, also a, Vasoconstriction 
B, Vasodilatation 
Lung B, Bronchodilation M,,M, Bronchoconstriction 
nhibition of secretions Stimulation of secretions 
at, Bronchoconstriction 
Gl tract ap a, B Decreased motility M,, M, Increased motility 
ap @, Contraction of sphincters Relaxation of sphincters 
nhibition of secretions Stimulation of secretions 
Pancreas B, ncreased insulin release 
Ot, , OL, Decreased insulin release 
Kidney p Renin secretion 
Liver Bpa Glycogenolysis M Glycogen synthesis 
B,, 2a Gluconeogenesis 
Bladder B, Detrusor relaxation M Detrusor contraction 
a Sphincter contraction Sphincter relaxation 
Uterus a, Myometrial contraction 
B, Myometrial relaxation 
Adipocytes B, Lipolysis 
Eye aL, Mydriasis (radial muscle contraction) M Miosis 
Ciliary muscle relaxation for far vision Ciliary muscle contraction for near 
vision 
Platelets at, Promote platelet aggregation 
Sweat glands Me Sweating 


Muscarinic receptors are present on vascular smooth muscle, but they are independent of parasympathetic innervation and have little or no 
physiological role in the control of vasomotor tone. 

’Sympathetic cholinergic fibres supply sweat glands and arterioles in some sites. 

All postganglionic parasympathetic fibres are muscarinic (M), but in many sites the subtype has not been identified. 
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return. The effects of sympathetic stimulation at dif- 
ferent receptors and effector organs are summarized in 
Table 8.1. The distribution of sympathetic nerve fibres 
to an organ or region may differ from the sensory or 
motor supply, according to its embryonic origin. For 
example, sympathetic fibres to the heart arise from T1 
to T5 (but predominantly from T1 to T4), the neck is 
supplied by fibres from T2, the chest by fibres from 
T3 to T6 and the abdomen by fibres from T7 to T11. 


Sympathetic Neurotransmitters 


The neurotransmitter present in preganglionic 
neurones is acetylcholine (ACh). These and other 
neurones containing ACh are termed cholinergic. 
However, the activity of preganglionic neurones is 
modulated by several other neuropeptides including 
enkephalin, neurotensin, substance P, somatostatin, 
nitric oxide, serotonin and catecholamines. ACh is the 
transmitter at all preganglionic synapses, acting via 
nicotinic receptors. Postganglionic sympathetic neur- 
ones secrete noradrenaline and are termed adrenergic 
(except for postganglionic sympathetic nerve fibres 
to sweat glands, pilo-erector muscles and some blood 
vessels, which are cholinergic). 

Activation of preganglionic nicotinic fibres to 
the adrenal medulla causes the release of adrenaline 
(adrenaline), which is released primarily as a circu- 
lating hormone and is only found in insignificant 
amounts in the nerve endings. Endogenous cat- 
echolamines (adrenaline, noradrenaline (norepi- 
nephrine) and dopamine) are synthesized from the 
essential amino acid phenylalanine. Their structure 
is based on a catechol ring (i.e. a benzene ring with 
-OH groups in the 3 and 4 positions), and an ethyl- 
amine side chain (Figs 8.1 and 8.2); substitutions 
in the side chain produce the different compounds. 
Dopamine may act as a precursor for both adrena- 
line and noradrenaline when administered exog- 
enously (see below). 


HO | NH, 
HO——SN 
Catechol ->< Amine > 
nucleus side chain 
FIGURE 8.1 Standard molecular structure of 


catecholamines. 
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eee Phenylalanine 
COOH 


| hydroxylase 


Sra T Tyrosine 
HO COOH 
| hydroxylase 
HO | CH,CHNH, DOPA 
HON COOH 
| decarboxylase 
HO | CH,CH,NH, Dopamine 
HOS 
dopamine 
beta-hydroxylase 
HO | ‘iii ak Noradrenaline 
HO— OH 
phenylethanolamine 
N-methyltransferase 
Ho— CHCH,NH Adrenaline 


| | 


FIGURE 8.2 ™ Synthesis of endogenous catecholamines. 


The action of noradrenaline released from sympa- 
thetic nerve endings is terminated in one of three ways: 


m re-uptake into the nerve terminal 
m diffusion into the circulation 
m enzymatic destruction. 


Most noradrenaline released from sympathetic 
nerves is taken back into the presynaptic nerve ending 
for storage and subsequent reuse. Re-uptake is by ac- 
tive transport back into the nerve terminal cytoplasm 
and then into cytoplasmic vesicles. This mechanism of 
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HO CHCH,NH HO CHOH HO CHCH,NH 
| 28 MAO MAO | žij 
HO OH HO— COOH HOA OH CH, 
Noradrenaline 3,4-Dihydroxymandelic acid Adrenaline 
a COMT COMT 
H,CO GHCH NH, ie H,cCO—— CHOH mao sO a CHCH NH 
HO OH HOY COOH HOA OH CH, 


Normetanephrine 


3-Methoxy-4-hydroxy- 


Metanephrine 


mandelic acid (VMA) 


FIGURE 8.3 


presynaptic re-uptake, termed uptake,, is dependent on 
adenosine triphosphate (ATP) and Mg”, is enhanced 
by Li* and may be blocked by cocaine and tricyclic anti- 
depressants. Endogenous catecholamines entering 
the circulation by diffusion from sympathetic nerve 
endings or by release from the adrenal gland are me- 
tabolized rapidly by the enzymes monamine oxidase 
(MAO) and catechol O-methyltransferase (COMT) in 
the liver, kidneys, gut and many other tissues. The me- 
tabolites are conjugated before being excreted in urine 
as 3-methoxy-4-hydroxymandelic acid, metanephrine 
(from adrenaline) and normetanephrine (from nor- 
adrenaline) (Fig. 8.3). Noradrenaline taken up into the 
nerve terminal may also be deaminated by cytoplasmic 
MAO. 

Another mechanism for the postsynaptic cellular 
re-uptake of catecholamines, termed uptake,, is pres- 
ent predominantly at the membrane of smooth mus- 
cle cells. It may be responsible for the termination of 
action of catecholamines released from the adrenal 
medulla. 


Adrenergic Receptor Pharmacology 


The actions of catecholamines are mediated by specific 
postsynaptic cell surface receptors. The original clas- 
sification of these receptors into a- and B-adrenergic 
receptors was based upon the effects of adrenaline at 
peripheral sympathetic sites, «-receptors being respon- 
sible for vasoconstriction and -receptors mediating 
effects on the heart, and bronchial and intestinal 


Catecholamine metabolites. MAO=monoamine oxidase; COMT=catechol O-methyltransferase. 


smooth muscle. However, several subtypes of a- and 
B-receptors exist in addition to receptors specific 
for dopamine (DA, and DA, subtypes). Two a- and 
B-receptor subtypes are well defined on functional, 
anatomical and pharmacological grounds (a, and a,, 
P, and B,). A third B-receptor subtype, B,, is found in 
adipocytes, skeletal and ventricular muscle, and the 
vasculature. At least three further subtypes of both 
a,- and «,-receptors and five subtypes of DA-receptor 
have also been identified, although their precise func- 
tions are unclear. Differentiation of receptor subtypes 
is now based more directly on the effects of various 
catecholamine agonist compounds (including endo- 
genous catecholamines). Noradrenaline and adrenaline 
are agonists at both a,- and a,-receptors; noradrena- 
line is slightly more potent at «,-receptors, and more 
potent at a,-receptors. Adrenaline has a more potent 
action at B,-receptors, and also acts at $,-receptors, 
whereas noradrenaline has no f.,-effects. 

Until recently, it was thought that B,-receptors 
predominated in the heart, mediating increases in 
force and rate of contraction, and f,-receptors existed 
in bronchial, uterine and vascular smooth muscle, 
mediating relaxation. In fact, most organs and tissues 
contain both B,- and B,-receptors, which may even 
serve the same function. For example, up to 25% of 
cardiac B-receptors in the normal individual are of 
the ß, subtype, and this proportion may be increased 
in patients with heart failure. It is now apparent that 
B,-receptors in tissues are situated on the postsynaptic 
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membrane of adrenergic neurones and respond to 
released noradrenaline. B,-Receptors are presynaptic 
and, when stimulated (principally by circulating cate- 
cholamines), they modulate autonomic activity by pro- 
moting neuronal noradrenaline release. P, -Receptors 
mediate thermogenesis and lipolysis in adipocytes but 
antagonize the effects of B,- and B,-receptors on the 
heart, and also mediate vasodilatation. Similarly, a- 
receptors are present on the postsynaptic membrane, 
whereas @,-receptors are predominantly presynaptic, 
responding to circulating adrenaline but also medi- 
ating feedback inhibition of sympathetic nerve activ- 
ity. Central a, stimulation causes decreases in arterial 
pressure, peripheral resistance, venous return, myo- 
cardial contractility, cardiac output and heart rate by 
inhibition of sympathetic outflow. Postsynaptic &,- 
receptors present on platelets and in the CNS mediate 
platelet aggregation and membrane hyperpolarization, 
respectively. 

Postsynaptic dopamine receptors (DA, ) are present 
in vascular smooth muscle of the renal, splanchnic, 
coronary and cerebral circulations, where they mediate 
vasodilatation. They are also situated on renal tubules, 
where they inhibit sodium reabsorption, causing na- 
triuresis and diuresis. Postsynaptic DA,-receptors are 
widespread in the CNS and occur on the presynaptic 
membrane of sympathetic nerves and in the adrenal 
gland. Stimulation of presynaptic DA,-receptors in- 
hibits dopamine release by negative feedback. 

Postganglionic sympathetic fibres supplying sweat 
glands and arterioles in some areas of skin and skeletal 
muscle are cholinergic. Vascular smooth muscle also 
contains non-innervated cholinergic receptors which 
mediate vasodilatation in response to circulating ago- 
nists. Cholinergic effects on vascular smooth muscle 
are usually minimal but may be involved in the mecha- 
nism of vasovagal attacks. 

These subdivisions and the functions of the auto- 
nomic nervous system are summarized in Table 8.1. 


Structure of Adrenergic Receptors 


Both a- and B-adrenergic receptors are proteins with 
a similar basic structure, comprising seven hydro- 
phobic transmembrane domains and an intracellular 
chain. Differences in amino acid sequences of the intra- 
cellular chain differentiate a- and B-receptors. Both 
are linked to guanine nucleotide binding proteins 
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(G-proteins) in the cell membrane which mediate the 
generation of second messengers that activate intra- 
cellular events. These second messenger systems include 
enzymes (adenylate cyclase, phospholipases) and ion 
channels (for calcium and potassium). 


Second and Third Messenger Systems 


In addition to functional differences, a- and B-receptors 
differ in the intracellular mechanisms by which they 
act. Stimulation of P,- and f,-receptors activates 
G-proteins, which activate adenylate cyclase and cause 
the generation of intracellular cyclic adenosine mono- 
phosphate (cAMP). cAMP activates intracellular 
enzyme pathways (the third messengers) to produce 
the associated alteration in cell function (e.g. increased 
force of cardiac muscle contraction, liver glycogeno- 
lysis, bronchial smooth muscle relaxation). In cardiac 
myocytes, the intracellular pathway involves the activa- 
tion of protein kinases to phosphorylate intracellular 
proteins and increase intracellular Ca** concentrations. 
Intracellular cAMP concentration is modulated by the 
enzyme phosphodiesterase, which breaks down cAMP 
to inactive 5’ AMP. This is the site of action of phos- 
phodiesterase inhibitor drugs. The balance between 
production and degradation of cAMP is an important 
regulatory system for cell function. «,-Receptors in- 
teract with G -proteins to inhibit adenylate cyclase and 
Ca’* channels, but activate K* channels, phospholipase 
Cand phospholipase A,. Cholinergic M,-receptors and 
somatostatin affect G -proteins in the same way. 

Incontrast, a -receptor stimulation does not directly 
affect intracellular cAMP levels, but causes coupling 
with another G-protein, Gp to activate membrane- 
bound phospholipase C. This in turn hydrolyses 
phosphatidylinositol biphosphate (PIP,) to inositol 
triphosphate (IP,), which produces changes in intra- 
cellular Ca** concentration and binding. These lead, 
for example, to smooth muscle contraction. 


The Parasympathetic Nervous System 


The parasympathetic nervous system controls vegeta- 
tive functions, e.g. the digestion and absorption of nutri- 
ents, excretion of waste products and the conservation 
and restoration of energy. Parasympathetic neurones 
arise from cell bodies of the motor nuclei of cranial 
nerves III, VII, IX and X in the brainstem, and from the 
sacral segments of the spinal cord (‘the craniosacral 


outflow’). Preganglionic fibres run almost to the organ 
innervated and synapse in ganglia within the organ, 
giving rise to postganglionic fibres which then sup- 
ply the relevant tissues. The ganglion cells may be well 
organized (e.g. the myenteric plexus of the intestine) 
or diffuse (e.g. in the bladder or vasculature). As the 
majority of all parasympathetic nerves are contained 
in branches of the vagus nerve, which innervates the 
viscera of the thorax and abdomen, increased para- 
sympathetic activity is characterized by signs of vagal 
overactivity. Parasympathetic fibres also pass to the eye 
via the oculomotor (third cranial) nerve, and to the 
lacrimal, nasal and salivary glands via the facial (fifth) 
and glossopharyngeal (ninth) nerves. Fibres originat- 
ing in the sacral portion of the spinal cord pass to the 
distal GI tract, bladder and reproductive organs. The 
effects of parasympathetic stimulation at different re- 
ceptors and effector organs are summarized in Table 8.1 


Parasympathetic Neurotransmitters 


The chemical neurotransmitter at both pre- and 
postganglionic synapses is ACh, although transmis- 
sion at postganglionic synapses may be modulated 
by other substances, including GABA, serotonin and 
opioid peptides. ACh is synthesized in the cytoplasm 
of cholinergic nerve terminals by the combination 
of choline and acetate (in the form of acetyl-CoA, 
which is synthesized in the mitochondria as a prod- 
uct of normal cellular metabolism). ACh is stored 
in specific agranular vesicles and released from the 
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presynaptic terminal in response to neuronal depolar- 
ization to act at specific receptor sites on the postsynap- 
tic membrane. It is rapidly metabolized by the enzyme 
acetylcholinesterase (AChE) to produce acetate and 
choline. Choline is then taken up into the presynap- 
tic nerve ending for the regeneration of ACh. AChE is 
synthesized locally at cholinergic synapses, but is also 
present in erythrocytes and parts of the CNS. Butyryl 
cholinesterase (also termed plasma cholinesterase or 
pseudocholinesterase) is synthesized in the liver and 
is found in the plasma, skin, GI tract and parts of the 
CNS, but not at cholinergic synapses or the neuromus- 
cular junction. It may metabolize ACh, in addition to 
some neuromuscular blockers (e.g. succinylcholine 
and mivacurium), but its physiological role probably 
involves the breakdown of other choline esters which 
may be present in the intestine. 


Parasympathetic Receptor Pharmacology 


Parasympathetic receptors have been classified ac- 
cording to the actions of the alkaloids muscarine and 
nicotine. The actions of ACh at the postganglionic 
membrane are mimicked by muscarine and are termed 
muscarinic, whereas preganglionic transmission is 
termed nicotinic. ACh is also the neurotransmitter at 
the neuromuscular junction, via nicotinic receptor 
sites. Five subtypes of muscarinic receptors (M,—M.) 
have been characterized; all five subtypes exist in the 
CNS, but there are differences in their peripheral dis- 
tribution and function (Table 8.2). M,-receptors are 


TABLE 8.2 


Properties of Muscarinic (M|—M,) Receptors 


M, M, M, M, M, 

Second messenger IP, cAMP IR; cAMP IP, 

Location CNS, parasympathetic Heart, CNS, CNS, salivary glands, CNS, CNS, ?vascular 
ganglia, stomach, GI smooth stomach, pancreas, Gl Heart epithelium 
vascular smooth muscle, muscle bronchial and vascular 
inflammatory cells smooth muscle 

Important clinical Gastric acid production, Bradycardia, GI secretion & motility, ? ? 

effects bronchial secretions and GI motility bronchoconstriction 
inflammation and mucus secretion 

Clinically selective Pirenzepine None None None None 


agent 


IP, stimulates inositol triphosphate production. 
cAMP inhibits adenylate cyclase to decrease cAMP formation. 
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found in the stomach, where they mediate acid secre- 
tion, and in inflammatory cells in the lung (including 
mast cells and eosinophils) where they may have a role 
in airway inflammation. M,-receptors predominate in 
the myocardium, where they modulate heart rate and 
impulse conduction. Prejunctional M,-receptors are 
also involved in the regulation of synaptic noradrena- 
line and postganglionic ACh release. M,-receptors 
are present in classic postsynaptic sites in glandular 
tissue (of the GI and respiratory tract) and bronchial 
smooth muscle, where they mediate most of the post- 
junctional effects of ACh. M,-receptors have been 
isolated in cardiac and lung tissue in animal models 
and may have inhibitory effects, but the distribution 
and functions of M,-receptors are not yet defined. In 
common with adrenergic receptors, muscarinic re- 
ceptors are coupled to membrane-bound G-proteins 
although the subtypes differ in the second messenger 
system with which they interact. Currently available 
anticholinergics probably act at all muscarinic recep- 
tor subtypes but their clinical spectra differ, which sug- 
gests that they may have differential effects at different 
subtypes. 


DRUGS ACTING ON THE 
SYMPATHETIC NERVOUS SYSTEM 


Sympathomimetic Drugs 


Sympathomimetic drugs partially or completely 
mimic the effects of sympathetic nerve stimulation or 
adrenal medullary discharge. They may act: 


= directly on the adrenergic receptor, e.g. the cat- 
echolamines, phenylephrine, methoxamine 
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m indirectly causing release of noradrenaline from 
the adrenergic nerve ending, e.g. amphetamine 
= by both mechanisms, e.g. dopamine, ephedrine, 

metaraminol. 


The drugs may be classified according to their struc- 
ture (catecholamine/non-catecholamine), their origin 
(endogenous/synthetic) and their mechanism of ac- 
tion (via adrenergic receptors or via a non-adrenergic 
mechanism) (Table 8.3). Drugs which affect myocardial 
contractility are termed inotropes, although this term 
is usually applied to those drugs that increase cardiac 
contractility (strictly ‘positive inotropes’). Myocardial 
contractility may be increased by: 


m increasing intracellular cAMP by activation 
of the adenylate cyclase system (e.g. catechol- 
amines and other drugs acting via the adrenergic 
receptor) 

m decreasing breakdown of cAMP (e.g. phospho- 
diesterase inhibitors) 

m increasing intracellular calcium availability (e.g. 
digoxin, calcium salts, glucagon) 

m increasing the response of contractile proteins to 
calcium (e.g. levosimendan) (Fig. 8.4). 


Inotropes may also be classified into positive inotro- 
pic drugs which also produce systemic vasoconstric- 
tion (‘inoconstrictors’) and those which also produce 
systemic vasodilatation (‘inodilators’). Inoconstrictors 
include noradrenaline, adrenaline and ephedrine. 
Inodilators are dobutamine, dopexamine, isoprena- 
line and phosphodiesterase inhibitors. Dopamine is an 
inodilator at low dose, and an inoconstrictor at higher 
doses. 


TABLE 8.3 


Classification of Sympathomimetic Drugs 


CATECHOLAMINES 


NON-CATECHOLAMINES 


Endogenous Synthetic Acting Via Adrenergic Receptors Acting Via Non-Adrenergic Mechanisms 
Adrenaline Isoprenaline Ephedrine Phosphodiesterase inhibitors 
Noradrenaline Dobutamine Phenylephrine Digoxin 

Dopamine Dopexamine Methoxamine Glucagon 


Metaraminol 


Calcium salts 


Calcium sensitizers 
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Catecholamines 
(catecholamine analogues) 


B-adrenergic receptor 


Myocyte cell 
membrane 


G,-protein 


Adenylate cyclase 


Phosphodiesterase 
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= 
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PDE inhibitors ~~ 
5’-AMP 


FIGURE 8.4 


Catecholamines 


Catecholamine drugs may be endogenous (adrenaline, 
noradrenaline and dopamine) or synthetic (dobuta- 
mine, dopexamine and isoprenaline). Several other 
drugs with a non-catecholamine structure produce 
sympathomimetic effects via adrenergic receptors, e.g. 
ephedrine and phenylephrine. All catecholamine drugs 
are inactivated in the gut by MAO and are usually only 
administered parenterally. They all have very short 
half-lives in vivo, and so when given by intravenous 
infusion, their effects may be controlled by altering the 
infusion rate. The comparative effects of different ino- 
tropes and vasopressors are outlined below. 


Endogenous Catecholamines 


Adrenaline. Adrenaline comprises 80-90% of adre- 
nal medullary catecholamine content and is also an 
important CNS neurotransmitter. It is a powerful 
agonist at both a- and -adrenergic receptors, being 


Glucagon 


Membrane receptor 


Protein 
kinase ee 


Digoxin 


Other mechanisms 
(Na*/K*-ATPase, 
ion channels) 


Calcium sensitizers 


Cc a2+ 


Cardiac myofilaments 


Intracellular action of positive inotropic drugs. PDE; phosphodiesterase. 


slightly less potent than noradrenaline at æ -receptors 
but more potent at B-receptors. It is the treatment of 
choice in acute allergic (anaphylactic) reactions and is 
used in the management of cardiac arrest and shock, 
and occasionally as a bronchodilator. Except in emer- 
gency situations, i.v. injection is avoided because of the 
risk of inducing cardiac arrhythmias. Subcutaneous 
administration produces local vasoconstriction and so 
smoothes out its own effect by slowing absorption. 
The effects of adrenaline on arterial pressure and 
cardiac output are dose-dependent. Although both a- 
and -receptors are stimulated, B,-vasodilator effects 
are most sensitive. B -Mediated effects cause marked 
increases in heart rate and contractility, cardiac out- 
put and systolic pressure. In low dosage, vasodilatation 
in skeletal muscle and splanchnic arterioles (f,) may 
predominate over «-mediated vasoconstriction in skin 
and renal vasculature; systemic vascular resistance and 
diastolic pressure may decrease, pulse pressure widens, 
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but mean arterial pressure remains stable. At higher 
doses, a-mediated vasoconstriction becomes more 
prominent in venous capacitance vessels (increasing 
venous return) and the precapillary resistance vessels 
of skin, mucosa and kidney (increasing peripheral 
resistance). Systolic pressure increases further, but car- 
diac output may decrease. Adrenaline causes marked 
decreases in renal blood flow, but coronary blood flow 
is increased. In contrast to other sympathomimetics, 
adrenaline has significant metabolic effects. Hepatic 
glycogenolysis and lipolysis in adipose tissue increase 
(B, and B, effects), and insulin secretion is inhibited (a, 
effect) so that hyperglycaemia occurs. 

Adrenaline 0.5-1 mg im. (0.5-1.0mL of 1:1000 
solution) or 100 ug increments i.v. to a dose of 1mg 
(1-10mL of a 1:10000 solution) is used to treat acute 
anaphylactic reactions. Adrenaline is important in 
the management of cardiac arrest (in doses of 1mg 
i.v., repeated every 3-5 min), mostly because of its a 
effects; widespread systemic vasoconstriction occurs, 
increasing aortic diastolic pressure, and coronary and 
cerebral perfusion. Pure a-agonists are less effective 
than adrenaline in the management of cardiac ar- 
rest, and the B, effects of adrenaline may contribute to 
improved cerebral perfusion. In emergency situations, 
it may also be administered via the tracheal route, in 
doses of 2-3 mg diluted to a volume of 10 mL. It is ef- 
fective by aerosol inhalation in bronchial asthma but 
has been superseded by selective B,-agonists (see be- 
low). Unlike indirect-acting sympathomimetics which 
cause release of noradrenaline, tachyphylaxis should 
not occur with adrenaline. Adrenaline is also used as 
a topical vasoconstrictor to aid haemostasis and is in- 
corporated into local anaesthetic solutions to decrease 
systemic absorption and prolong the duration of local 
anaesthesia. 


Noradrenaline. Noradrenaline acts as a potent arterio- 
lar and venous vasoconstrictor, acting predominantly 
at a-receptors, with a slightly greater potency there 
than adrenaline. It is also an agonist at B-receptors, 
but B, effects are not apparent in clinical use. Infusions 
of noradrenaline increase venous return, systolic and 
diastolic systemic and pulmonary arterial pressures, 
and central venous pressure. Cardiac output increases 
but heart rate decreases because of baroreflex activity. 
At higher doses, the «-mediated effects of widespread 
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intense vasoconstriction overcome f, effects on car- 
diac contractility, leading to a decrease in cardiac out- 
put at the cost of increased myocardial oxygen demand 
in conjunction with reductions in renal blood flow and 
glomerular filtration rate. Its principal use is in the 
management of septic shock when systemic vascular 
resistance is low. 


Dopamine. Dopamine is the natural precursor of 
adrenaline and noradrenaline. It stimulates both 
a- and B-adrenergic receptors in addition to specific 
dopamine DA -receptors in renal and mesenteric ar- 
teries. Dopamine has a direct positive inotropic action 
on the myocardium via B-receptors and also by release 
of noradrenaline from adrenergic nerve terminals. The 
overall effects of dopamine are highly dose-dependent. 
In low dosage (<3 ugkg” min“), renal and mesenteric 
vascular resistances are reduced by an action on DA,- 
receptors, resulting in increased splanchnic and renal 
blood flows, glomerular filtration rate and sodium 
excretion. At doses of 5-10 gkg” min`, the increas- 
ing direct B-mediated inotropic action predominates, 
increasing cardiac output and systolic pressure with 
little effect on diastolic pressure; peripheral resis- 
tance is usually unchanged. At doses >15ygkg™ min", 
a-receptor activity predominates, with direct vaso- 
constriction and increased cardiac stimulation (similar to 
noradrenaline). Renal and splanchnic blood flows de- 
crease, and arrhythmias may occur. Dopamine recep- 
tors are widely present in the CNS, particularly in the 
basal ganglia, pituitary (where they mediate prolactin 
secretion) and the chemoreceptor trigger zone on the 
floor of the fourth ventricle (where they mediate nausea 
and vomiting). Recently, dopamine infusions have been 
associated with decreased prolactin secretion, and the 
use of ‘prophylactic dopamine infusions in an attempt 
to preserve renal function in perioperative or critically 
ill patients has declined. 


Synthetic Catecholamines 


Isoprenaline. Isoprenaline is a potent B,- and 
B,-agonist, with virtually no activity at -receptors. It 
acts via cardiac  -receptors, and at },-receptors in the 
smooth muscle of bronchi, the vasculature of skeletal 
muscle and the gut. After intravenous infusion, heart 
rate increases and peripheral resistance is reduced. 
Cardiac output may increase because of increased 


DRUGS ACTING ON THE SYMPATHETIC NERVOUS SYSTEM 125 


heart rate and contractility but effects on arterial pres- 
sure are variable. Isoprenaline also reduces coronary 
perfusion pressure, increases myocardial oxygen con- 
sumption and causes arrhythmias. Other B,-mediated 
effects include relaxation of bronchial smooth muscle 
and stabilization of mast cells. It has been superseded 
for use in the treatment of severe asthma by newer 
specific B,-agonists with fewer cardiac effects. Its cur- 
rent indication is as an infusion in the treatment of 
bradyarrhythmias or atrioventricular heart block as- 
sociated with low cardiac output (e.g. following acute 
myocardial infarction) because it increases heart rate 
and conduction by a direct action on the subsidiary 
pacemaker. This indication is usually an interim mea- 
sure before insertion of a temporary pacing wire. 


Dobutamine. Dobutamine is primarily a B,-agonist, 
with moderate B,- and mild a -agonist activity, and 
no action at DA-receptors. Its primary effect is an in- 
crease in cardiac output via increased contractility (B, 
effect) augmented by a reduction in afterload. Heart 
rate also increases (f, effect). Systolic arterial pressure 
may increase but peripheral resistance is reduced or 
unchanged. There is no direct effect on venous tone 
or renal blood flow but preload may decrease and 
urine output and sodium excretion increase as a con- 
sequence of the increased cardiac output. Dobutamine 
increases SA node automaticity and conduction veloc- 
ity in the atria, ventricles and AV node, but to a lesser 
extent than isoprenaline. Dobutamine infusion pro- 
duces a progressive increase in cardiac output which 
is greater than with comparable doses of dopamine, 
although arterial pressure may remain unchanged. At 
higher doses, tachycardia and arrhythmias may occur, 
but dobutamine has less effect on myocardial oxygen 
consumption compared with other catecholamines. 
Dobutamine is widely used to optimize cardiac output 
in septic shock, often in combination with noradren- 
aline. It is also used alone or in combination with 
vasodilator drugs in heart failure when peripheral 
resistance is high, and to increase heart rate and car- 
diac output in myocardial stress testing. 


Dopexamine. Dopexamine is a synthetic dopamine 
analogue which is an agonist at B,- and DA,-receptors. 
It is also a weak DA,-agonist and it inhibits the neuro- 
nal re-uptake of noradrenaline (uptake,), but has no 


direct effects at B,- or a-receptors. Its principal effect is 
B,-agonism, producing vasodilatation in skeletal mus- 
cle; it is less potent at DA,-receptors, but a more potent 
B,-agonist than dopamine. It produces mild increases 
in heart rate, contractility and cardiac output (effects 
on f,-receptors and noradrenaline uptake), renal and 
mesenteric vasodilatation (P, and DA, effects), and 
natriuresis (DA, effect). Coronary and cerebral blood 
flows are also increased. Systemic vascular resistance 
decreases and arterial pressure may decrease if intra- 
vascular volume is not maintained. Dopexamine has 
theoretical advantages in maintaining cardiac output 
and splanchnic blood flow in patients with systemic 
sepsis or heart failure. It is also used for this purpose 
in patients undergoing major abdominal surgery. 
Dopexamine also has anti-inflammatory effects (in 
common with other B-agonists) which are indepen- 
dent of its effects on gut mucosal perfusion. It is me- 
tabolized by hepatic methylation and conjugation and 
is eliminated mostly via the kidneys. 

Fenoldopam is a dopamine (DA,) agonist available 
in the USA which causes peripheral vasodilatation 
and increases renal blood flow and sodium and water 
excretion. It has been used in the treatment of hyper- 
tensive emergencies. Unlike some other vasodilators 
(e.g. sodium nitroprusside) it does not cause rebound 
hypertension after stopping the infusion. 


Non-Catecholamine Sympathomimetics 


Synthetic sympathomimetic drugs may mimic the 
effect of adrenaline at adrenergic receptors (direct- 
acting) or may produce effects by causing release of 
endogenous noradrenaline from postganglionic sym- 
pathetic nerve terminals (indirect-acting). Some drugs 
have direct and indirect sympathomimetic effects (e.g. 
ephedrine, metaraminol). Direct-acting compounds 
may affect a- or B-receptors selectively, whereas 
indirect-acting compounds have predominantly a- 
and B,-agonist effects (as noradrenaline is only a weak 
B,-agonist). Indirect-acting compounds are taken 
up into the nerve terminal via the noradrenaline re- 
uptake pathway, and so their effect is reduced by drugs 
which block noradrenaline re-uptake (e.g. tricyclic 
antidepressants). Conversely, the effect of direct-acting 
drugs is enhanced. In patients treated with drugs 
which decrease sympathetic nervous system activity 
(e.g. clonidine, reserpine), the cardiovascular response 
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to indirect-acting drugs is diminished; however, up- 
regulation of adrenergic receptors occurs and an in- 
creased response to direct-acting sympathomimetics 
is seen. Drugs with selective a-adrenergic receptor 
effects (e.g. phenylephrine, methoxamine) are potent 
vasoconstrictors. 


Ephedrine. Ephedrine is a naturally occurring sym- 
pathomimetic amine which is now produced syn- 
thetically. It acts directly and indirectly as an agonist at 
a-, P,- and B,-receptors. The indirect actions are in- 
creased endogenous noradrenaline release and inhibi- 
tion of MAO. Its cardiovascular effects are similar to 
those of adrenaline, but the duration of action is up to 
10 times longer. It causes increases in heart rate, contrac- 
tility, cardiac output and arterial pressure (systolic > 
diastolic). It may predispose to arrhythmias. Systemic 
vascular resistance is usually unchanged because 
o-mediated vasoconstriction in some vascular beds is 
balanced by -mediated vasodilatation in others, but 
renal and splanchnic blood flows decrease. It relaxes 
bronchial and other smooth muscle, and is occasion- 
ally used as a bronchodilator. It is active orally because 
it is not metabolized by MAO in the gut, and is use- 
ful by intramuscular injection because muscle blood 
flow is preserved. Ephedrine undergoes hepatic de- 
amination and conjugation but significant amounts are 
excreted unchanged in urine. This accounts for its long 
duration of action and elimination half-life (3-6h). 
Tachyphylaxis (a decreased response to repeated doses 
of the drug) occurs because of persistent occupation 
of adrenergic receptors and depletion of noradrenaline 
stores. 

Ephedrine is often used to prevent or treat hypo- 
tension resulting from sympathetic blockade during 
regional anaesthesia or from the effects of general an- 
aesthesia. Although widely used to prevent hypoten- 
sion during regional anaesthesia in obstetric patients, 
it has largely been superseded for this indication by an 
infusion of phenylephrine, which has better effects on 
maternal and fetal haemodynamics. Oral or topical 
ephedrine is also useful as a nasal decongestant. 


Phenylephrine. Phenylephrine is a potent synthetic 
direct-acting o,-agonist, which has minimal agonist 
effects ata -and f-receptors. It has effects similar to those 
of noradrenaline, causing widespread vasoconstriction, 


DRUGS ACTING ON THE CARDIOVASCULAR SYSTEM 


increased arterial pressure, bradycardia (as a result of 
baroreflex activation) and a decrease in cardiac output. 
Venoconstriction predominates and diastolic pressure 
increases more than systolic pressure, so that coro- 
nary blood flow may increase. It is used as intermittent 
boluses (50-100,1g by slow injection) or an infusion 
(50-150 pgmin“') to maintain arterial pressure during 
general or regional anaesthesia, and also topically as a 
nasal decongestant and mydriatic. Absorption of phen- 
ylephrine from mucous membranes may occasionally 
produce systemic side-effects. 


Methoxamine. Methoxamine is a direct-acting 
a -agonist which also has a weak f-antagonist action. It 
produces vasoconstriction, increased diastolic arterial 
pressure and decreases in cardiac output and heart rate 
from baroreflex activation and the mild p-blocking 
effect. It is no longer available in the UK. 


Metaraminol. Metaraminol is a direct- and indirect- 
acting a- and B-agonist, which acts partly by being 
taken up into sympathetic nerve terminals and acting 
as a false transmitter for noradrenaline. Its a effects 
predominate, causing pronounced vasoconstriction; 
arterial pressure increases and a reflex bradycardia 
may occur. 


Vasopressin. Arginine vasopressin (AVP) (formerly 
termed antidiuretic hormone) is a peptide hormone 
secreted by the hypothalamus. Its primary role is the 
regulation of body fluid balance. It is secreted in re- 
sponse to hypotension and promotes retention of wa- 
ter by action on specific cAMP-coupled V,-receptors. 
It causes vasoconstriction by stimulating V -receptors 
in vascular smooth muscle and is particularly potent 
in hypotensive patients. It is increasingly used in the 
treatment of refractory vasodilatory shock which is 
resistant to catecholamines, although it can cause pe- 
ripheral or splanchnic ischaemia. The vasopressin ana- 
logue desmopressin is used to treat diabetes insipidus. 
Another analogue, terlipressin, is used to limit bleed- 
ing from oesophageal varices in patients with portal 
hypertension as an adjunct to definitive treatment. 


Phosphodiesterase Inhibitors. Phosphodiesterase in- 
hibitors increase intracellular cAMP concentrations 
by inhibition of the enzyme responsible for cAMP 
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breakdown (Fig. 8.4). Increased intracellular cAMP 
concentrations promote the activation of protein 
kinases, which lead to an increase in intracellular Ca?*. 
In cardiac muscle cells, this causes a positive inotro- 
pic effect and also facilitates diastolic relaxation and 
cardiac filling (termed ‘positive lusitropy’). In vascular 
smooth muscle, increased cAMP decreases intracel- 
lular Ca** and causes marked vasodilatation. Several 
subtypes of phosphodiesterase (PDE) isoenzyme exist 
in different tissues. Theophylline is a non-specific 
PDE inhibitor, but the newer drugs (e.g. enoximone 
and milrinone) are selective for the PDE type III iso- 
enzyme present in the myocardium, vascular smooth 
muscle and platelets. PDE HI inhibitors are positive 
inotropes and potent arterial, coronary and veno- 
dilators. They decrease preload, afterload, pulmonary 
vascular resistance and pulmonary capillary wedge 
pressure (PCWP), and increase cardiac index. Heart 
rate may increase or remain unchanged. In contrast 
to sympathomimetics, they improve myocardial 
function without increasing oxygen demand or caus- 
ing tachyphylaxis. Their effects are augmented by 
the co-administration of B,-agonists (i.e. increases 
in cAMP production are synergistic with decreased 
cAMP breakdown). They have particular advan- 
tages in patients with chronic heart failure, in whom 
downregulation of myocardial B-adrenergic receptors 
occurs, so that there is a decreased inotropic response 
to B-sympathomimetic drugs. A similar phenomenon 
occurs with advanced age, prolonged (>72h) catechol- 
amine therapy and possibly with surgical stress. 

PDE II inhibitors are indicated for acute refrac- 
tory heart failure, e.g. cardiogenic shock, or pre- or 
postcardiac surgery. However, long-term oral treat- 
ment is associated with increased mortality in patients 
with congestive heart failure. All may cause hypoten- 
sion, and tachyarrhythmias may occur. Other adverse 
effects include nausea, vomiting and fever. Their half- 
life is prolonged markedly in patients with heart or 
renal failure and they are commonly administered 
as an i.v. loading dose over 5min with or without a 
subsequent iv. infusion. Milrinone is a bipyridine 
derivative whereas enoximone is an imidazole de- 
rivative. Enoximone undergoes substantial first-pass 
metabolism, and is rapidly metabolized to an ac- 
tive sulphoxide metabolite which is excreted via the 
kidneys and which may accumulate in renal failure. 


The elimination t, of enoximone is 1—2h in healthy 
individuals but up to 20h in patients with heart failure. 


Glucagon. Glucagon is a polypeptide secreted by the 
a cells of the pancreatic islets. Its physiological ac- 
tions include stimulation of hepatic gluconeogenesis 
in response to hypoglycaemia, amino acids and as 
part of the stress response. These effects are mediated 
by increasing adenylate cyclase activity and intracel- 
lular cAMP, by a mechanism independent of the f- 
adrenergic receptor (Fig. 8.4). It increases cAMP in 
myocardial cells and so increases cardiac contractility. 
Glucagon causes nausea and vomiting, hyperglycae- 
mia and hyperkalaemia and is not used as an inotrope 
except in the management of B-blocker poisoning. 


Calcium. Calcium ions are involved in cellular exci- 
tation, excitation-contraction coupling and muscle 
contraction in cardiac, skeletal and smooth muscle 
cells. Increased extracellular Ca’ increases intracellu- 
lar Ca** concentrations and consequently the force of 
contraction of cardiac myocytes and vascular smooth 
muscle cells. Massive blood loss and replacement 
with large volumes of calcium-free fluids or citrated 
blood (which chelates Ca**) may cause a decrease in 
serum Ca** concentration, especially in the critically 
ill. Therefore, Ca’* salts (e.g. calcium chloride or glu- 
conate) may be administered, particularly during and 
after cardiopulmonary bypass. Intravenous calcium 
5mgkg™ may increase mean arterial pressure, but the 
effects on cardiac output and systemic vascular resis- 
tance are variable and there is little good evidence for 
the efficacy of Ca** salts. Moreover, high Ca’ concen- 
trations may cause cardiac arrhythmias and vasocon- 
striction, may be cytotoxic and may worsen the cellular 
effects of ischaemia. Calcium salts may be indicated 
for the treatment of hypocalcaemia (ionized Ca?’ 
<0.8mmolL"), hyperkalaemia and calcium channel 
blocker toxicity. 


Calcium Sensitizers. Levosimendan and pimobendan 
are positive inotropic drugs which act by stabilizing the 
troponin molecule in cardiac myocytes (by a cAMP- 
independent mechanism) and so increase myocyte Ca? 
sensitivity without increasing Ca” influx. Contractility 
is increased without an increase in oxygen consump- 
tion or a tendency to arrhythmias. Levosimendan also 
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causes vasodilatation by opening K* channels via an 
ATP-dependent mechanism and may be used as a sec- 
ond line agent in acute heart failure. It is available in 
Europe and South America. Pimobendan also inhibits 
phosphodiesterase-III and has been investigated for 
use in chronic heart failure. It is available in Japan. 


Selective B,-Agonists 


Selective B,-receptor agonists (e.g. salbutamol, ter- 
butaline, formoterol and salmeterol) relax bronchial, 
uterine and vascular smooth muscle while having 
much less effect on the heart than isoprenaline. These 
drugs are partial agonists (their maximal effect at p,- 
receptors is less than that of isoprenaline) and are 
only partially selective for §,-receptors. They are used 
widely in the treatment of bronchospasm (see Ch 9). 
Although less cardiotoxic than isoprenaline, dose- 
related tremor, tachyarrhythmias, hyperglycaemia, 
hypokalaemia and hypomagnesaemia may occur. B,- 
Agonists are resistant to metabolism by COMT and 
therefore have a prolonged duration of action (mostly 
3-5 h). Salmeterol is highly lipophilic, has a strong af- 
finity for the B,-adrenergic receptor, is longer acting 
than the other B,-agonists and so is used for mainte- 
nance therapy in chronic asthma in combination with 
inhaled steroids. §,-Agonists are usually administered 
by the inhaled (metered dose inhaler or nebulizer) or 
intravenous routes because of unpredictable oral ab- 
sorption and a high hepatic extraction ratio. When in- 
haled, only 10-20% of the administered dose reaches 
the lower airways; this proportion is reduced further 
when administered via a tracheal tube. Nevertheless, 
systemic absorption does occur, although adverse ef- 
fects are less common during long-term therapy. 


Salbutamol. Salbutamol is the B,-agonist used most 
commonly for the prevention and treatment of bron- 
chospasm. When administered by metered dose inhaler 
(1 or 2 puffs, each delivering 100 ug), it acts within a 
few minutes, with a peak action at 30-60 min. In se- 
vere cases, it may be given by nebulizer (2.5-5.0 mg), 
repeated if required, or intravenously (either 250 pg by 
slow i.v. injection or as an infusion starting at 5 ug min” 
and titrated to response). It is metabolized in the liver 
and excreted in urine both as metabolites and as un- 
changed drug; the proportions are dependent on the 
route of administration. 


DRUGS ACTING ON THE CARDIOVASCULAR SYSTEM 


Sympatholytic Drugs 

Sympatholytic drugs antagonize the effects of the sym- 
pathetic nervous system either at central adrenergic 
neurones, peripheral autonomic ganglia or neurones, 
or at postsynaptic œ- or B-receptors. Most are hypo- 
tensive drugs, although they have other effects and 
indications. 


Centrally Acting Sympatholytic Drugs 


Centrally acting drugs act by stimulation of central 
,-receptors to decrease sympathetic tone. They 
were used as antihypertensive drugs, but have been 
superseded for this purpose by newer drugs with 
fewer adverse effects. They are also agonists at cen- 
tral imidazoline (I,) receptors, which contributes 
to their hypotensive action. I, receptors are present 
in several peripheral tissues, including the kidney. 
Central a -stimulation causes decreases in arterial 
pressure, peripheral resistance, venous return, myo- 
cardial contractility, cardiac output and heart rate, 
but baroreceptor reflexes are preserved and the pres- 
sor response to ephedrine or phenylephrine may be 
exaggerated. Stimulation of peripheral «,-receptors 
on vascular smooth muscle causes direct arteriolar 
vasoconstriction, although the central effects of these 
drugs predominate overall. However, severe rebound 
hypertension may occur on stopping chronic oral ther- 
apy. «,-Receptors in the dorsal horn of the spinal cord 
modulate upward transmission of nociceptive signals 
by modifying local release of substance P and CGRP. 
Centrally acting -agonists produce analgesia by ac- 
tivation of descending spinal and supraspinal inhibi- 
tory pathways, and clonidine is now used mostly for its 
analgesic effects. These are greatest when administered 
by the epidural or spinal route. Other effects include 
dry mouth, sedation and anxiolysis. 

Clonidine is a partial agonist at central and 
peripheral a,-receptors, and a central imidazoline 
(I,) receptor agonist. Clonidine has some effects at 
a -receptors (,:0,>200:1); dexmedetomidine and 
azepexole are more «,-selective alternatives. Transient 
hypertension and bradycardia may occur after i.v. 
injection, caused by direct stimulation of periph- 
eral vascular a,-receptors though an a,-agonist effect 
may also contribute. Clonidine potentiates the MAC 
of inhalational anaesthetic agents by up to 50%. It 
has a synergistic analgesic effect with opioids which 
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may be partly pharmacokinetic because the elimina- 
tion half-life of opioids is also increased. Clonidine 
is well absorbed orally, with peak plasma concentra- 
tions after 60-90 min. It is highly lipid-soluble and ap- 
proximately 50% is metabolized in the liver to inactive 
metabolites; the rest is excreted unchanged via the kid- 
neys, with an elimination half-life of 9-12 h. Clonidine 
5ugkg' as premedication attenuates reflex sympa- 
thetic responses and may reduce cardiac complications 
after non-cardiac surgery in patients at high risk of 
cardiovascular events. It is also used in the treatment 
of opioid withdrawal and postoperative shivering. 
Epidural clonidine 1-2 1gkg" increases the duration 
and potency of analgesia provided by epidural opioid 
or local anaesthetic drugs. «,-Agonists also have some 
antiarrhythmic effects, decreasing both the incidence 
of catecholamine-related arrhythmias and the toxicity 
of bupivacaine and cocaine. 

Methyldopa crosses the blood-brain barrier easily 
and is converted to a-methyl noradrenaline, the active 
molecule, which is a full agonist at «,-receptors (a,:0, 
selectivity =10:1). Adverse effects include peripheral 
oedema, hepatotoxicity, depression and a positive 
direct Coombs’ test; some patients develop haemolytic 
anaemia. Its use is largely restricted to the manage- 
ment of pregnancy-associated hypertension. 

Moxonidine is a moderately selective imidazoline I,- 
receptor agonist (I, > a,) which reduces central sympa- 
thetic activity by stimulation of medullary I,-receptors. 
It is used in the treatment of hypertension. Systemic 
vascular resistance is reduced but heart rate and stroke 
volume are unchanged. Moxonidine has few «,-related 
adverse effects but it may potentiate bradycardia and 
is contraindicated in sinoatrial block, and second- or 
third-degree AV block. 


Peripherally Acting Sympatholytic Drugs 


Ganglion Blocking Drugs. Nicotinic receptor antago- 
nists (e.g. hexamethonium, pentolinium, trimetaphan) 
competitively inhibit the effects of ACh at autonomic 
ganglia and block both parasympathetic and sympa- 
thetic transmission. Sympathetic blockade produces 
venodilatation, decreased myocardial contractil- 
ity and hypotension, but the effects vary depending 
on pre-existing sympathetic tone. Tachyphylaxis 
develops rapidly and these drugs have now been 
superseded. 


Adrenergic Neurone Blocking Drugs. Guanethidine 
decreases peripheral sympathetic nervous system activ- 
ity by competitively binding to noradrenaline binding 
sites in storage vesicles in the cytoplasm of postgan- 
glionic sympathetic nerve terminals. Further uptake 
of noradrenaline into the vesicles is inhibited and it is 
metabolized by cytoplasmic MAO, so the nerve termi- 
nals become depleted of noradrenaline. Guanethidine 
has local anaesthetic properties and does not cross the 
blood-brain barrier. It is sometimes used to produce 
intravenous regional sympathetic blockade in the 
treatment of chronic limb pain associated with exces- 
sive autonomic activity (reflex sympathetic dystrophy 
or complex regional pain syndromes). Bretylium has 
a similar mode of action; it is used in the treatment of 
resistant ventricular arrhythmias (see below). 


a-Adrenergic Receptor Antagonists. o-Adrenergic 
antagonists (a-blockers) selectively inhibit the action 
of catecholamines at a-adrenergic receptors. They 
are used mainly as vasodilators for the second-line 
treatment of hypertension or as urinary tract smooth 
muscle relaxants in patients with benign prostatic 
hyperplasia. They also have an important role in the 
preoperative management of phaeochromocytoma 
(see Ch 37). 

a-Blockers diminish vasoconstrictor tone, causing 
venous pooling and a decrease in peripheral vascular 
resistance. In common with other vasodilators, they 
may have indirect positive inotropic actions as a result 
of reductions in afterload and preload, so cardiac 
output may increase. They may be classified accord- 
ing to their relative selectivity for a,- and «,-receptors. 
Non-selective a-blockers commonly induce postural 
hypotension and reflex tachycardia, partly because 
a,-blockade prevents the feedback inhibition of 
noradrenaline on its own release at presynaptic 
at,-receptors, and neuronal noradrenaline concentra- 
tions increase. The action of noradrenaline at cardiac 
B-receptors then limits the hypotensive effects of non- 
selective «-blockers. In addition, the proportions of 
pre- and postsynaptic «,-receptors in the arterial and 
venous smooth muscle may differ, so that a -selective 
drugs have a more balanced effect on venous and arte- 
rial circulations. The co-administration of a B-blocker 
may attenuate reflex tachycardia and produces a syner- 
gistic effect on arterial pressure. 
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œŒ -Selective Antagonists. Selective a -blockers in- 
clude prazosin, doxazosin, indoramin, and urapidil. 
Doxazosin has largely succeeded prazosin as it has a 
more prolonged duration of action. Reflex tachycardia 
and postural hypotension are less common than with 
direct-acting vasodilators (e.g. hydralazine) and the 
non-selective o«-blockers, but may still occur on initiat- 
ing therapy. Nasal congestion, sedation and inhibition 
of ejaculation may occur. 

Labetalol (see below) is a competitive «,-, B,- and 
B,-antagonist, which is more active at B- than at 
a-receptors. At low doses (5-10 mg i.v.), it decreases 
arterial pressure without producing a tachycardia. At 
higher doses, the B effect becomes more prominent, 
with negative inotropic and chronotropic effects. 
Carvedilol is an a,- and B-receptor antagonist which also 
has direct vasodilator effects (see below). 


œ -Selective Antagonists. Drugs of this type, e.g. yo- 
himbine, are not used because of the unacceptable in- 
cidence of adverse effects. 


Non-Selective a-Antagonists. Non-selective «- 
blockers, e.g. phentolamine and phenoxybenzamine, 
produce more postural hypotension, reflex tachy- 
cardia and adverse gastrointestinal effects (e.g. ab- 
dominal cramps, diarrhoea) than œ -selective drugs. 
Phentolamine 2-5 mg i.v. produces a rapid decrease in 
arterial pressure lasting 10-15 min and is used for the 
treatment of hypertensive crises. 

Phenoxybenzamine binds covalently (i.e. irrevers- 
ibly and non-competitively) to a-receptors so that its 
effects last up to several days, and may be cumulative 
on repeated dosing. It also reduces central sympathetic 
activity, which enhances vasodilatation, and has ant- 
agonist effects at 5-HT receptors. It is used for the 
preoperative preparation of patients with phaeochro- 
mocytoma (see Ch 37). 


B-Adrenergic Receptor Antagonists 


B-adrenergic receptor antagonists (f-blockers) are 
structurally similar to the B-agonists, e.g. isoprenaline. 
Variations in the molecular structure (primarily of the 
catechol ring) have produced compounds which do 
not activate adenylate cyclase and the second messen- 
ger system despite binding avidly to the B-adrenergic 
receptor. Most are stereoisomers and the L-form is 
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generally more potent (as an agonist or antagonist) 
than the p-form. B-Blockers are competitive antago- 
nists with high receptor affinity, although their effects 
are attenuated by high concentrations of endogenous 
or exogenous agonists. They may be classified accord- 
ing to: 


their relative affinity for B,- or B,-receptors 
agonist/antagonist activity 
membrane-stabilizing effect 

ancillary effects (e.g. action at other receptors). 


B,- or B,-Adrenergic Receptor Affinity. The relative 
potency of B-blockers is less important than their 
relative effects on the different B-receptor subtypes. 
Compounds are available which block preferentially 
either P,- or B,-receptors, although in clinical prac- 
tice the B,-selective drugs are more important. The 
first generation of B-blockers (e.g. propranolol, timo- 
lol) were non-selective; second-generation drugs (e.g. 
atenolol, metoprolol, bisoprolol) are selective for 
B,-receptors but have no ancillary effects. The third 
generation of B-blockers are f,-selective, but also have 
effects on other receptors (e.g. labetalol and carvedilol 
are antagonists at a -adrenergic receptors, and celipro- 
lol produces vasodilatation by a mechanism involving 
endothelial nitric oxide). -Selective (or ‘cardio- 
selective’) drugs have theoretical advantages because 
some of the adverse effects of B-blockers are related to 
B,-antagonism, but the selectivity of both drugs and 
tissues is only relative: all B -selective drugs antago- 
nize B,-receptors at higher doses, and 25% of cardiac 
B-receptors are of the B, subtype. However B -selective 
drugs appear to have fewer adverse effects on blood 
glucose control in diabetics, less effect on serum lip- 
ids and less effect on bronchial tone in patients with 
chronic obstructive pulmonary disease. 


Partial Agonist Activity. Some ß-blockers have in- 
trinsic sympathomimetic activity (ISA), i.e. they are 
partial agonists. This stimulant effect is apparent at 
low levels of sympathetic activity, but at high levels 
of sympathetic discharge, blockade of endogenously 
released catecholamines is the major clinical effect. 
Partial agonists may be advantageous in patients with 
a low resting heart rate because they reduce the risk 
of AV conduction disturbance, and have theoretical 
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advantages in patients with peripheral vascular disease 
or hyperlipidaemia. However, only B-blockers without 
partial agonist activity have been shown to be benefi- 
cial after myocardial infarction. 


Membrane-Stabilizing Effect. Some B-blockers have a 
quinidine-like action, inhibiting Na* transport in nerve 
and cardiac conducting tissue (“membrane-stabilizing 
effect’). This may be demonstrated in vivo as a stabiliz- 
ing effect on the cardiac action potential, reducing the 
slope of phase 4 noticeably, thus decreasing excitabil- 
ity and automaticity of the myocardium (see below). 
However, the membrane-stabilizing activity probably 
has little clinical significance because it occurs only at 
plasma concentrations above the therapeutic range, 
and the antiarrhythmic effect of B-blockade occurs via 
inhibition of the effects of catecholamines. 


Ancillary Effects. Some of the newer B-blockers drugs 
have additional effects, e.g. action at «-receptors, vaso- 
dilatation, antioxidant effects and other actions. The 
relevance of these properties is discussed below. 


Pharmacological Properties of B-Blockers. The 
pharmacological properties of B-blockers are sum- 
marized in Table 8.4. All are weak bases and most are 
well absorbed to produce peak plasma concentra- 
tions 1-3h after oral administration. The more lipid- 
soluble drugs are almost completely absorbed, but 
are metabolized to a greater extent and tend to have 
a marked first-pass effect through the liver. This re- 
duces their bioavailability, but is offset by the fact that 
the 4-hydroxylated metabolites so formed are also 
active. These active metabolites are excreted via the 
kidneys and may accumulate in patients with renal 
failure. Propranolol decreases both the clearance of 
amide local anaesthetics (by decreasing hepatic blood 
flow and inhibiting metabolism) and the pulmonary 
first-pass uptake of fentanyl. The first-pass metabolic 
pathways may also become saturated, so that propor- 
tionately higher plasma concentrations of the parent 
drug occur at higher oral doses. The first-pass effect 
is also a source of wide interindividual variation in 
plasma concentrations achieved from the same dose 
of primarily metabolized drugs, although B-blockers 
have a flat dose-response curve and large changes in 
plasma concentration may give rise to only a small 


change in degree of B-blockade. However, differences 
in individual plasma concentration—response relation- 
ships may occur, possibly as a result of variations in 
sympathetic tone or the formation of active metabo- 
lites. All B-blockers are distributed widely throughout 
the body and significant concentrations occur in the 
CNS, particularly for the more lipid-soluble drugs (e.g. 
propranolol). 

The less lipid-soluble drugs (e.g. atenolol) are less 
well absorbed, are metabolized to a lesser extent, are 
excreted via the kidneys and tend to have longer half- 
lives. Atenolol, nadolol and sotalol are excreted largely 
unchanged in urine and so are little affected by impair- 
ment of liver function. 


Indications for B-Blockade. See Tables 8.5 and 8.6 for 
indications for B-blockade. 

Hypertension. B-Blockers have been regarded as 
first-line therapy for the treatment of hypertension 
for many years, either alone or in combination with 
other drugs. They are of proven benefit in reducing the 
incidence of stroke and the morbidity and mortality 
from coronary artery disease in younger hypertensive 
patients, although the effectiveness of B-blockade in 
patients aged >60 years has been questioned recently. 
The antihypertensive effect results from a combination 
of factors. 


m Reductions in heart rate, cardiac output and 
myocardial contractility. 

= A reduction in central sympathetic nervous ac- 
tivity. The significance of this is uncertain be- 
cause different drugs vary widely in their CNS 
penetration, but have similar effects on arterial 
pressure. 

m Decreased plasma renin concentration. ß- 
Blockers decrease resting and orthostatic release 
of renin to a variable extent. The non-selective 
drugs propranolol and timolol cause the great- 
est reduction, while partial agonists (oxprenolol, 
pindolol) or B,-selective drugs are less effective. 
However, no correlation has been found between 
renin-lowering effect and antihypertensive activ- 
ity or dosage of B-blocker used. 

m Effects on peripheral resistance. B-Blockade does 
not reduce peripheral resistance directly and may 
even cause an increase by allowing unopposed 


TABLE 8.4 


Pharmacological Properties of §-Blockers 


Partial Membrane Significant 
B, Agonist Stabilizing Lipid Absorption Bioavail- Protein Terminal Active 
Drug Selectivity Activity Effect Solubility (%) ability (%) Binding (%) Half-Life (h) Metabolites Elimination 
Acebutolol + + + Medium 90 50 20 8-10 Yes Hepatic, renal 
Atenolol + - - Low 50 40 5 6-8 o Renal 
Bisoprolol ++ — — Low >90 90 10-12 o Hepatic, renal 
Carvedilol - - ? High >90 25 98 6-10 Yes Hepatic 
Celiprolol + + ? Low 30 30-70 5-6 No Renal 
Esmolol + - - High 55 0.15 o Plasma 
hydrolysis 
Labetalol - + + High 70 30 50 4 o Hepatic 
Metoprolol + - + High 90 50 10-20 4 No Hepatic 
Nadolol - - - Low 30 30 20 20-24 No Renal 
Oxprenolol - + + High 80 50 80 2 No Hepatic 
Pindolol - ++ + Medium 90 90 50 4 o Hepatic 
Propranolol - - ++ High 90 30 90 5 Yes Hepatic 
Sotalol - + + Low 80 90 8-15 No Renal 
Timolol - + + High 90 50 10 4 No Hepatic, renal 
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TABLE 8.5 


Clinical Indications for §-Blockade 


Hypertension 


Ischaemic heart disease 


Secondary prevention of myocardial infarction 


Obstructive cardiomyopathy 


Congestive heart failure 


Arrhythmias 


Miscellaneous 


TABLE 8.6 


Specific Perioperative Indications for }-Blockers 


Prevention or treatment of intraoperative hypertension, 
tachycardia and supraventricular tachyarrhythmias associated 
with excessive sympathetic activity 


Treatment of postoperative hypertension 


Controlled hypotension 


Prophylaxis or treatment of perioperative myocardial ischaemia 


Pre- and perioperative management of phaeochromocytoma 


Pre- and perioperative management of thyrotoxic patients 


a-stimulation. As the vasodilating effect of cat- 
echolamines on skeletal muscle is B,-mediated, 
unopposed « stimulation would be expected to 
be lower with cardioselective drugs or partial ag- 
onists. However, cardioselectivity decreases with 
dosage and, because hypertensive patients often 
require a large dose of B-blocker, little real advan- 
tage is offered. Drugs with partial agonist activity 
may not increase peripheral resistance as much 
as those without. 


Arterial pressure reduction begins within an hour of 
B-blocker administration, but several days may elapse 
before the plateau is reached and the full hypotensive 
effect of oral B-blockers takes about 2 weeks. This sug- 
gests the involvement of several mechanisms including 
readjustment of central and peripheral cardiovascular 
reflexes. During chronic administration, the hypoten- 
sive effects of B-blockers last longer than the pharma- 
cological half-life, so that single daily dosage is 
adequate therapeutically. However, upregulation of 


receptors may occur, leading to adverse effects (tachy- 
cardia, hypertension, myocardial ischaemia) on abrupt 
withdrawal of B-blockers. This is important in surgical 
patients, and patients receiving long-term B-blockade 
should continue therapy throughout the periopera- 
tive period. There is some evidence that perioperative 
B-blockade reduces cardiac complications in high-risk 
patients undergoing major vascular surgery, but the 
data are conflicting. All B-blockers are equally effec- 
tive as hypotensive drugs; patients unresponsive to one 
B-blocker are generally unresponsive to all. 

Ischaemic heart disease. B-Blockers improve symp- 
toms and decrease the frequency and severity of silent 
myocardial ischaemia in patients with ischaemic heart 
disease. The incidence of myocardial ischaemia in high- 
risk patients is reduced by perioperative B-blockade 
and long-term outcome may be improved. B-Blockers 
reduce heart rate and contractility, with consequent de- 
creases in wall tension and myocardial oxygen demand. 
A slower heart rate also permits longer diastolic filling 
time and hence potentially greater coronary perfusion. 
The perfusion of ischaemic regions may be improved 
by redistribution of myocardial blood flow, and other 
additional mechanisms may be involved. 

B-Blockade also reduces exercise-induced increases 
in arterial pressure, velocity of cardiac contraction and 
oxygen consumption at any workload. Partial agonists 
have less effect on the resting heart rate and theoreti- 
cally increase the metabolic demand of the myocar- 
dium; they may be less effective in patients with angina 
at rest or at very low levels of exercise. In contrast 
to effects on arterial pressure, there is a more direct 
relationship between plasma concentration and anti- 
anginal effect. To achieve effective plasma concentrations 
over a sustained period as a single daily dosage, either 
the long half-life drugs (e.g. atenolol, nadolol) or slow- 
release preparations (e.g. oxprenolol-SR, propranolol- 
LA, metoprolol-SR) are required. 

Secondary prevention of myocardial infarction. 
Early iv. administration after acute myocardial 
infarction can decrease infarct size, the incidence of 
ventricular and supraventricular arrhythmias and 
mortality in both lower- and higher-risk groups (e.g. 
elderly patients or those with left ventricular dysfunc- 
tion). Mortality is reduced by 20-40%, and the risk of 
re-infarction is reduced if oral therapy is continued for 
2-3 years. 
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Obstructive cardiomyopathy. -Blockers improve 
exercise tolerance and alleviate symptoms in hypertro- 
phic obstructive cardiomyopathy by decreasing heart 
rate, myocardial work, contractility and, thus, outflow 
tract obstruction. However, the incidence of sudden 
death in this condition is not affected. The incidence 
of cyanotic episodes caused by pulmonary outflow ob- 
struction in patients with Fallot’s tetralogy is reduced 
by a similar mechanism. 

Congestive heart failure. Congestive heart failure 
is accompanied by a compensatory increase in sym- 
pathetic nervous stimulation with increased plasma 
and cardiac noradrenaline concentrations, leading to 
increases in cardiac output, systemic vascular resistance 
and afterload. Plasma renin concentration also increases. 
Although beneficial as an acute response in the short 
term, high circulating catecholamine concentrations 
are directly toxic to the myocardium. Desensitization 
of myocardial ß -adrenergic receptors occurs via 
downregulation and altered signal transduction. In 
combination with chronically increased peripheral resis- 
tance, this leads to ventricular remodelling with progres- 
sively worsening myocardial function and a propensity 
to arrhythmias. Some second- and third-generation 
B-blockers (bisoprolol, metoprolol and carvedilol) have 
been shown to decrease morbidity and mortality in heart 
failure by improving ventricular function. The mecha- 
nism is primarily by upregulation of §-receptor density 
or function, although other factors may contribute, in- 
cluding slowing of heart rate or an antiarrhythmic effect. 
Bisoprolol and metoprolol are f,-selective antagonists 
but carvedilol also has B,- and œ -antagonist and anti- 
oxidant effects which may contribute to its action. They 
must be introduced cautiously in heart failure because 
symptoms may initially worsen, and ventricular func- 
tion improves only after 1 month of therapy. 

Arrhythmias (see below). -Blockers are effective 
in the treatment of arrhythmias caused by sympa- 
thetic nervous overactivity or after myocardial infarc- 
tion. The mechanisms are related to B-blockade itself 
rather than any membrane-stabilizing effect, e.g. ant- 
agonism of catecholamine effects on the cardiac ac- 
tion potential and muscle contractility. The result is 
a slowing of rate of discharge from the sinus and any 
ectopic pacemaker, and slowing of conduction and in- 
creased refractoriness of the AV node. B-Blockers also 
slow conduction in anomalous pathways. They may 
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be used i.v. to terminate an attack of supraventricu- 
lar tachycardia or decrease the ventricular rate in atrial 
fibrillation and flutter; conversion to sinus rhythm 
may also be achieved. If given within 30min of i.v. 
verapamil, there is a danger of severe bradycardia or 
asystole. Most B-blockers have similar antiarrhythmic 
effects in adequate dosage, but esmolol has the advan- 
tage of a short half-life (see below) so that adverse ef- 
fects are limited. They are also useful as second-line 
alternatives for the treatment of ventricular tachycar- 
dia. Sotalol has both class 2 and class 3 antiarrhythmic 
activity (see below) and is licensed for use only for its 
antiarrhythmic action, in particular for the treatment 
of supraventricular and ventricular tachycardias. 
Miscellaneous. B-Blockers are prescribed for mi- 
graine prophylaxis, essential tremor and anxiety states. 
They are useful for glaucoma because they decrease 
intraocular pressure, probably by reducing the pro- 
duction of aqueous humour. Topical preparations (e.g. 
timolol, betaxolol, carteolol) are used in an attempt 
to decrease adverse effects but significant systemic 
absorption may still take place; bradycardia, hypoten- 
sion and bronchospasm may occur, particularly dur- 
ing anaesthesia. B-Blockers diminish the symptoms 
of thyrotoxicosis and are used as part of preoperative 
preparation before thyroidectomy. They may be used 
also as part of a hypotensive anaesthetic technique. 


Adverse Reactions to B-Blockers. All available f- 
blockers have similar adverse effects, although their 
magnitude depends on 3 -selectivity and the presence 
or absence of partial agonist activity. The reactions 
may be classified as follows. 


Reactions Resulting from B-Blockade 
CARDIOVASCULAR EFFECTS. B-Blockers may precipi- 
tate heart failure in patients with poor LV function, 
and accentuate AV block. Their negative inotropic and 
chronotropic effects may be additive with other drugs 
affecting cardiac conduction or drugs used during 
anaesthesia. They prevent the compensatory tachycar- 
dia which accompanies hypovolaemia so that severe 
hypotension may occur if intravascular replacement 
is delayed. Bradycardia caused by excessive B-blockade 
may be treated by atropine, B-agonists (e.g. dobuta- 
mine or isoprenaline), glucagon or calcium chloride. 
Occasionally cardiac pacing may be required. 
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INDUCTION OF BRONCHOSPASM. This occurs in 
patients with asthma or chronic bronchitis who rely 
on sympathetically (P,) mediated bronchodilation. 
Theoretically, B -selective drugs are less likely to aggra- 
vate bronchospasm in asthmatics, but because their se- 
lectivity is only relative, they should not be considered 
completely safe. 

RAYNAUD’S PHENOMENON. Raynaud’s phenomenon 
and peripheral vascular disease are relative contraindi- 
cations to the use of B-blockers because symptoms of 
cold extremities may be exacerbated. 

DIABETES MELLITUS. Cardiovascular (tachycardia-f,) 
and metabolic (hepatic glycogenolysis-B,) responses to 
insulin-induced hypoglycaemia are impaired. These 
effects may be more marked with non-selective drugs. 

OTHER. Increased muscle fatigue can occur, pos- 
sibly resulting from blockade of -mediated vaso- 
dilatation in muscles during exercise. A withdrawal 
phenomenon may occur after abrupt cessation of 
long-term therapy for angina, causing rebound tachy- 
cardia, worsening angina or precipitation of myocar- 
dial infarction. Impotence occurs commonly during 
chronic B-blocker therapy. 


Idiosyncratic Reactions. Central nervous system ef- 
fects occur with some B-blockers, including night- 
mares, hallucinations, insomnia and depression. These 
effects are more common with the lipophilic drugs 
(e.g. propranolol, acebutolol, oxprenolol and meto- 
prolol). Gastrointestinal reactions include nausea, 
vomiting and diarrhoea. 


Newer B-Blockers. Recently introduced third- 
generation -blockers (e.g. labetalol, celiprolol, 
nevibolol and carvedilol) are mostly non-selective 
(B,>B,) antagonists which also produce vasodilata- 
tion by several mechanisms. Labetalol and carvedilol 
are also «,-antagonists; bucindolol produces direct 
vasodilatation by a cAMP-dependent mechanism. 
The severity of some of the adverse effects of 
B-blockade may be less with those drugs with vaso- 
dilating properties. 

Labetalolis a competitive a -, P,- and B,-antagonist, 
which is a partial agonist at B,-receptors. It is four to 
seven times more potent at B- than at a-receptors 
and is useful for the prevention and treatment of 
perioperative hypertension, or to produce controlled 


hypotension (see Ch 21). It is also available as an oral 
preparation for the treatment of chronic hyperten- 
sion or the preoperative management of phaeochro- 
mocytoma (see Ch 37). Intravenous labetalol in small 
increments (e.g. 5-10mg) produces a controlled 
decrease in arterial pressure over 5-10 min with no 
change in cardiac output or reflex tachycardia, sug- 
gesting that at this dose the vasodilating action pre- 
dominates. At higher doses, the p-effect becomes 
more prominent, with negative inotropic and chrono- 
tropic effects. 

Carvedilol is an antagonist at a,- and B-receptors 
(with relative p:a, selectivity of 10:1 and no partial 
agonist activity), but it has other effects including 
significant antioxidant activity, inhibition of endo- 
thelin synthesis and possibly calcium channel block- 
ade in higher doses; these may account for some of 
its beneficial activity in patients with heart failure. 
Carvedilol is a stereoisomer which undergoes exten- 
sive first-pass metabolism with the production of 
active metabolites. 

Nebivolol is a lipophilic f,-selective blocker 
which is administered as a racemic mixture of equal 
proportions of p- and L-enantiomers. It has no 
membrane-stabilizing activity but has vasodilatory 
effects probably mediated by endothelial nitric oxide. 

Celiprolol is a B -selective blocker which is a weak 
B,-agonist and has «,-antagonist activity. It also has 
direct vasodilator effects which may be mediated by 
endothelial nitric oxide release. Celiprolol is excreted 
unchanged. 

Esmolol is a rapid-onset, short-acting -selective 
blocker with no membrane-stabilizing or partial agon- 
ist activity and is only available for i.v. use. It has an 
onset time of 1-2 min and is metabolized rapidly by 
red cell esterases (distinct from plasma cholinester- 
ases); its elimination half-life is 9 min. The rapid onset 
and offset of effect are an advantage in the periopera- 
tive period because any effects such as bradycardia or 
hypotension are short-lived. It is effective in prevent- 
ing or controlling intraoperative tachycardia and 
hypertension, and is also useful for the treatment of 
supraventricular tachyarrhythmias, e.g. atrial fibril- 
lation or flutter. It may be given as a slow i.v. bolus of 
0.5-2.0 mgkg` or an infusion of 25-500 pg kg! min’; 
its effects terminate within 10-20 min of stopping the 
infusion. 
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DRUGS ACTING ON THE 
PARASYMPATHETIC NERVOUS 
SYSTEM 


The major drugs in use which act on the parasympa- 
thetic nervous system are muscarinic antagonists (e.g. 
atropine, hyoscine and propantheline), and parasym- 
pathetic agonists (e.g. the anticholinesterases neostig- 
mine and pyridostigmine). Neuromuscular blocking 
drugs act at nicotinic receptors, and are described in 
Chapter 6. 


Parasympathetic Antagonists 


Parasympathetic antagonists block muscarinic ACh 
receptors and are either tertiary or quaternary amine 
compounds. Tertiary amines, e.g. atropine and hyo- 
scine, are more lipid-soluble and cross biological 
membranes, e.g. the blood-brain barrier, to affect 
central ACh receptors and produce sedative or stimu- 
latory effects. Similar antimuscarinic drugs, e.g. or- 
phenadrine, procyclidine, are useful in drug-induced 
Parkinson’s disease because of their predominant 
central action; procyclidine is also used for the rever- 
sal of acute dystonic reactions to dopaminergic drugs 
(e.g. phenothiazines, droperidol). Other muscarinic 
antagonists used as gastrointestinal or urinary anti- 
spasmodics are quaternary amines; they are poorly 
absorbed after oral administration and produce min- 
imal central effects. 


Atropine 

Atropine has widespread, dose-dependent anti- 
muscarinic effects on parasympathetic functions. 
Salivary secretion, micturition, bradycardia and 
visual accommodation are impaired sequentially. 
CNS effects (sedation or excitation, hallucina- 
tions and hyperthermia) may occur at high doses. 
Atropine is administered in doses of 0.6-3.0 mg i.v. 
to counteract bradycardia in the presence of hypo- 
tension and to prevent the bradycardia associated 
with vagal stimulation or the use of anticholines- 
terase drugs. Adverse cardiac effects of atropine in- 
clude an increase in cardiac work and ventricular 
arrhythmias. Occasionally, atropine may produce an 
initial transient bradycardia, thought to be caused 
by increased ACh release mediated by M,-receptor 
antagonism. In therapeutic dosage, effects mediated 
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by M,-receptors (tachycardia, bronchodilation, dry 
mouth, mydriasis) predominate. 


Hyoscine 

Hyoscine hydrobromide has less effect on heart rate 
than atropine but crosses the blood-brain barrier more 
readily and may cause confusion, sedation and ataxia, 
particularly in the elderly. This may result in the ‘central 
anticholinergic syndrome’ (see p. 375). It has greater 
antisialagogue and mydriatic effects than atropine. It is 
also useful as an antiemetic, particularly for the prophy- 
laxis of motion sickness, and is available as a transdermal 
patch for this purpose. Hyoscine butyl-bromide is used 
as a gastrointestinal or genitourinary antispasmodic. 


Glycopyrronium Bromide (Glycopyrrolate) 


This is a quaternary amine which has similar anti- 
cholinergic actions to those of atropine. It is used as 
an alternative to atropine during the reversal of neu- 
romuscular blockade or for its antisecretory actions. 
Some other quaternary amines, e.g. propantheline and 
dicycloverine, have a mainly peripheral parasympa- 
thetic antagonist action and are used as gastrointesti- 
nal and urinary antispasmodics. 

Ipratropium bromide and tiotropium are used as in- 
haled anticholinergic bronchodilators. Tiotropium is 
longer acting and used for the management of chronic 
obstructive pulmonary disease. 


Antimuscarinic Drugs in Premedication 


Subcutaneous or oral atropine and hyoscine have 
long been used as premedicant drugs, usually in com- 
bination with an opioid or sedative, to decrease sali- 
vary and respiratory secretions and counteract vagal 
reflexes. Their use declined with the decreased use 
of ether, and many patients find the associated dry 
mouth and blurred vision unpleasant. However, if an 
antisialagogue is particularly indicated, glycopyrrolate 
is effective in a dose of 0.2 mg i.m. or i.v. with minimal 
central or cardiovascular effects. 


Parasympathetic Agonists 


Pilocarpine is a muscarinic agonist used as a topical 
miotic in the treatment of glaucoma. Other parasym- 
pathetic agonists used historically as gastrointestinal 
tract and bladder smooth muscle stimulants have been 
superseded. 


Anticholinesterase Drugs 


Neostigmine and pyridostigmine antagonize acetyl- 
cholinesterase, thereby decreasing the breakdown of 
released ACh. They exert both nicotinic and mus- 
carinic effects and are used in anaesthesia to reverse 
non-depolarizing neuromuscular blockade (see Ch 6), 
accompanied by an antimuscarinic drug to minimize 
the adverse vagal effects. Other anticholinesterases in- 
clude edrophonium (short-acting) and pyridostigmine 
(long-acting), used for the diagnosis and symptomatic 
management of myasthenia gravis, respectively. 


VASODILATORS 


Vasodilators dilate arteries or veins and may reduce 
afterload, preload or both. Acute and chronic heart 
failure are both associated with a reflex increase in 
sympathetic tone and an increase in systemic vascu- 
lar resistance. By lowering this resistance (afterload), 
myocardial work and oxygen requirements are re- 
duced. Vasodilators acting on the venous side of the 
circulation (e.g. nitrates) increase venous capacitance, 
reduce venous return to the heart and so decrease left 
ventricular filling pressure (preload), myocardial fibre 
length and myocardial oxygen consumption for the 
same degree of cardiac work performed. They have 
several clinical indications (Table 8.7). 

Vasodilators may be classified into those acting 
directly on vascular smooth muscle (nitroprusside, 
nitrates, hydralazine, diazoxide, minoxidil, calcium chan- 
nel blockers) and neurohumoral antagonists (a-blockers 
and ACE inhibitors). They may also be classified accord- 
ing to which side of the heart they act on preferentially. 
Hydralazine, calcium channel blockers, and minoxi- 
dil act mainly on afterload. Nitrates principally affect 


TABLE 8.7 


Indications for Vasodilators 


Acute and chronic left ventricular failure 


Prophylaxis and treatment of unstable and stable angina 


Treatment of acute myocardial ischaemia and infarction 


Chronic hypertension 


Acute hypertensive episodes 


Elective controlled hypotensive anaesthesia 
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preload. Nitroprusside, a-blockers and ACE inhibitors 
have a balanced effect on arteries and veins. 


Nitrates 


The organic nitrates (glyceryl trinitrate and isosorbide 
mononitrate and dinitrate) cause systemic and coronary 
vasodilatation. They act primarily on systemic veins, 
causing venodilatation, sequestration of blood in venous 
capacitance beds and a reduction in preload. Arteriolar 
dilatation occurs at higher doses and afterload is re- 
duced; tachycardia, hypotension and headaches may oc- 
cur. Systolic pressure decreases more than diastolic 
pressure, so coronary perfusion pressure is preserved. 
In left ventricular failure, venodilatation is beneficial, 
reducing pulmonary congestion; cardiac dynamics may 
be improved so that stroke volume and cardiac output 
increase. Nitrates are used widely for the prevention and 
treatment of angina and myocardial infarction because 
they cause vasodilatation in stenotic coronary arteries 
and redistribution of myocardial blood flow. Glyceryl 
trinitrate (GTN) is a powerful myometrial relaxant. 
Nitrates also inhibit platelet aggregation in vitro. 

Nitrates are converted to the active compounds 
nitric oxide (NO) and nitrosothiols by a denitration 
mechanism involving reduced sulphydryl groups. 
NO and nitrosothiols activate guanylate cyclase in 
the cytoplasm of vascular smooth muscle cells to in- 
crease intracellular cGMP. This leads to protein kinase 
phosphorylation and decreased intracellular calcium, 
causing vascular smooth muscle relaxation and va- 
sodilatation. Tolerance to nitrates develops rapidly 
during continuous therapy (within 24h), caused by 
depletion of reduced sulphydryl groups or activation 
of neurohormonal countermechanisms, and a daily 
nitrate-free interval of 8-12 h is required. Nitrates may 
be administered by oral, buccal, transdermal and in- 
travenous routes. Intravenous nitrates may be used for 
the treatment of perioperative hypertension or myo- 
cardial ischaemia or as part of a deliberate hypotensive 
anaesthetic technique. They are absorbed by rubber 
and plastics (especially PVC infusion bags), so are best 
administered by syringe pump. 


Sodium Nitroprusside 


Sodium nitroprusside (SNP) is reduced to NO on 
exposure to reducing agents and in tissues, includ- 
ing vascular smooth muscle cell membranes. The 
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process is non-enzymatic but SNP has a similar 
ultimate mechanism of action to nitrates (increased 
intracellular cGMP). SNP produces similar effects on 
capacitance and resistance vessels so that preload and 
afterload are equally reduced, and it is useful in the 
management of acute left ventricular failure. Systolic 
and diastolic pressures decrease equally in a dose- 
dependent manner. In larger doses (as used for hypo- 
tensive anaesthesia), heart rate increases. 

Release of NO from nitroprusside is accompanied 
by release of cyanide ions, which are detoxified by 
the liver and kidney to thiocyanate (requiring thio- 
sulphate, vitamin B,, and the enzyme rhodanase), 
which is excreted slowly in urine. It has an immediate, 
short-lived effect (lasting only for a few minutes) 
so it must be given by intravenous infusion. SNP is 
photodegraded to cyanide ions, so that infusion solutions 
should be protected from light and not used if they 
have turned dark brown or blue. Also, if the total dose 
of SNP exceeds 1.5 mgkg”™ or the infusion rate exceeds 
1.5ugkg' min", cyanide and thiocyanate may accu- 
mulate, with the risk of metabolic acidosis; plasma 
bicarbonate concentration should be monitored. The 
risks of cyanide toxicity are increased in the presence 
of impaired renal or hepatic function, and symptoms 
may be delayed until after the SNP infusion has been 
discontinued. Plasma cyanide or thiocyanate concen- 
trations should also be monitored if the drug is used for 
more than 2 days. Thiocyanate is potentially neuro- 
toxic and may cause hypothyroidism. In cases of sus- 
pected cyanide toxicity, sodium thiosulphate (which 
promotes conversion to thiocyanate), dicobalt edetate 
(which chelates cyanide ions) and hydroxocobalamin 
(which combines with cyanide to form cyanocobala- 
min) may be given. In practice, nitroprusside is usually 
well tolerated and most symptoms are associated with 
too rapid a decrease in arterial pressure. 


Potassium Channel Activators 


Hydralazine, minoxidil and diazoxide are direct-acting 
arteriolar vasodilators which have largely been super- 
seded. Minoxidil and diazoxide activate ATP-sensitive 
K* channels in vascular smooth muscle cells, causing 
K* efflux and membrane hyperpolarization. This leads 
to closure of calcium channels, reduced intracellular 
calcium availability and consequently smooth muscle 
relaxation and arterial vasodilatation. Hydralazine may 
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act via a similar mechanism. All these drugs reduce 
afterload, with little or no effect on preload. Their 
effects are limited by reflex tachycardia and a tendency 
to cause sodium and water retention (by activation of 
the renin-angiotensin system and a direct renal mech- 
anism). Consequently, they are usually administered 
during long-term therapy with a B-blocker and a 
diuretic. 

Hydralazine is the most widely used of these drugs. 
Its half-life is short (approximately 2.5h) but its anti- 
hypertensive effect is relatively prolonged. It may 
be given as a slow i.v. bolus of 5-10 mg, with appro- 
priate monitoring, for the treatment of hypertensive 
emergencies. 

Minoxidil is only available orally. It has a long dura- 
tion of action (12-24h) unrelated to its plasma half- 
life, and it causes hypertrichosis. T-wave abnormalities 
on ECG are observed in 60% of patients. 

Diazoxide has a similar structure to thiazide di- 
uretics. It is occasionally used for the treatment of hy- 
pertensive emergencies; 1-3 mgkg™ i.v. may be given 
rapidly (over 30s) for effects lasting 4-24h. However, 
it is difficult to control the action or duration of action 
of repeated doses. 


Nicorandil 


Nicorandil activates K* channels in vascular smooth 
muscle, but also causes NO release and increases in- 
tracellular cGMP in vascular endothelium, causing 
venous dilatation. It therefore reduces preload as well 
as afterload and is a potent coronary vasodilator with 
no effect on heart rate or contractility. It is metabo- 
lized in the liver, excreted via the kidneys and does not 
cause tolerance. Nicorandil is used for the treatment of 
angina, e.g. in nitrate-tolerant patients or those un- 
responsive to B-blockers. 


CALCIUM CHANNEL BLOCKERS 


Mechanism of Action 


The normal function of cardiac myocytes and 
conducting tissues, skeletal muscle, vascular and 
other smooth muscle, and neurones depends on the 
availability of intracellular calcium ions. Under physio- 
logical conditions, calcium entry into the cell induces 
further calcium release from the sarcoplasmic reticu- 
lum, which facilitates conduction of the cardiac action 


potential and excitation—contraction coupling by in- 
teraction with calmodulin (in smooth muscle) or tro- 
ponin (within cardiac muscle). Calcium enters the cell 
via several ion channels situated on the plasma mem- 
brane, the most important being voltage-gated cal- 
cium channels which are activated by nerve impulses 
or membrane depolarization. Other types of calcium 
channels are receptor-operated and stretch-activated 
channels. Calcium channel blockers (CCBs) are a di- 
verse group of compounds which decrease calcium 
entry into cardiac and vascular smooth muscle cells 
through the L-subtype (long-lasting inward calcium 
current) of voltage-gated calcium channels. CCBs bind 
in several ways to the a, subunit of L-type channels to 
impede calcium entry. Phenylalkylamines (e.g. vera- 
pamil) bind to the intracellular portion of the channel 
and physically occlude it, whereas dihydropyridines 
modify the extracellular allosteric structure of the 
channel. Benzothiazepines (e.g. diltiazem) act on the 
a, subunit, although the mechanism has not been fully 
elucidated, and may have further actions on sodium- 
potassium exchange and calcium—calmodulin binding. 

Cardiac cells in the SA and AV nodes depend on the 
slow inward calcium current for depolarization. CCBs 
which act here decrease calcium entry during phase 
0 of the action potential of SA node and AV node 
cells, decreasing heart rate and AV node conduction. 
Calcium entry during phase 2 of the action potential of 
ventricular myocytes may be decreased (Fig. 8.5) and 
excitation—contraction coupling inhibited, causing de- 
creased myocardial contractility. Some CCBs may also 
have favourable effects on endothelial function. 


Clinical Effects 


CCBs differ in their selectivity for cardiac muscle cells, 
conducting tissue and vascular smooth muscle, but 
they all decrease myocardial contractility and produce 
coronary and systemic vasodilatation with a conse- 
quent decrease in arterial pressure. They have been 
used widely for the treatment of hypertension and an- 
gina, but have been partly superseded by newer drugs. 
Other current indications include prevention of vaso- 
spasm in subarachnoid haemorrhage or Raynaud’s 
disease. Verapamil and diltiazem also decrease SA 
node activity, AV node conduction and heart rate, and 
they are useful in the treatment of paroxysmal supra- 
ventricular tachyarrhythmias. CCBs may also inhibit 
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platelet aggregation, protect against bronchospasm 
and improve lower oesophageal sphincter function. 
The non-dihydropyridines are contraindicated in the 
presence of second- or third-degree heart block and 
should not be combined with B-blockers because they 
may cause bradycardia or heart block. With the excep- 
tion of amlodipine and felodipine, calcium channel 
blockers should not be used in patients with heart fail- 
ure. In some patients, sudden cessation of CCBs may 
lead to an exacerbation of angina symptoms. 


Classification 


CCBs are a diverse group of compounds which have 
been classified in several ways, according to their 
structure, mechanism of action and specificity for 
slow calcium channels. They are classified here by their 
chemical structure, tissue selectivity and pharmaco- 
kinetic properties (Table 8.8). 


First-Generation Calcium Channel Blockers 


The first-generation CCBs (verapamil, diltiazem and 
nifedipine) have a rapid onset of action which may 
reduce arterial pressure acutely and produce reflex 
sympathetic activation. They have marked negative 
dromotropic and inotropic effects (especially vera- 
pamil and diltiazem). Their intrinsic duration of 
action is short, but slow-release formulations have 
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TABLE 8.8 


Classification of Calcium Channel Blockers 


EFFECTS ON 
Prototype/ First- Second-and Third- SA AV Node Myocardial Peripheral Coronary 
Group Generation Drugs Generation Drugs Node Conduction Contractility Arteries Arteries 
Benzothiazepine Diltiazem —/+ + + + +4 
Phenylalkylamine Verapamil ++ ++ + + 4 
Dihydropyridine Nifedipine - = + ++ ++ 
Nicardipine - - +/— ++ +++ 
Nimodipine — - +/- ++ +/— 
Felodipine - a = +++ + 
Isradipine = = = +++ + 
Amlodipine? - = = +++ Ft 
Lacidipine? - e = rari +/— 


*Third-generation calcium antagonists. 


been developed (see below). All are well absorbed but 
undergo a significant first-pass effect, leading to low 
bioavailability. They are highly protein-bound and 
metabolized extensively by hepatic demethylation and 
dealkylation, with wide individual pharmacokinetic 
variability (Table 8.9). Most CCBs possess one or more 
chiral centres, and the different enantiomeric forms 
have different pharmacokinetic and pharmacodynamic 
properties. For example, t-verapamil undergoes higher 
first-pass metabolism than the p-form, so that plasma 
concentrations of L-verapamil are relatively higher af- 
ter intravenous administration, producing more pro- 
nounced negative inotropic and chronotropic effects. 
Nifedipine is a dihydropyridine derivative which 
is a systemic and coronary arterial vasodilator. It is 


effective in countering coronary artery spasm, thought 
to be an important component of all forms of angina, 
and it may bring symptomatic relief in patients with 
peripheral vasospastic (e.g. Raynaud’s) disease. Its anti- 
anginal effect is additive with that of B-adrenergic 
blocking drugs and nitrates. Adverse effects include 
flushing, headaches, ankle oedema, dizziness, tiredness 
and palpitations. Nifedipine is absorbed rapidly, par- 
ticularly when the stomach is empty, with an onset of 
action of 20 min. This may produce reflex tachycardia 
and increased myocardial contractility. 

Verapamil is a phenylalkylamine which has more 
pronounced effects on the SA and AV nodes compared 
with other CCBs, and is used mainly as an anti- 
arrhythmic (see below). It has vasodilator and negative 


TABLE 8.9 


Pharmacokinetic Properties of some Commonly used Calcium Channel Blockers 


Drug Nifedipine Verapamil Diltiazem Nicardipine Felodipine Amlodipine Lacidipine 
Bioavailability (%) 50 20 25-50 30 15 65-80 10 
Elimination half-life (h) 3-5 5-8 2-6 3-8 25 35-50 13-19 
Route of elimination Renal, Renal, Hepatic Renal, Renal, Renal Hepatic, 

hepatic hepatic hepatic hepatic renal 
Time to peak plasma 1-2 4-8 3-4 1 12-24 6-12 1-3 


concentration (h) 
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inotropic properties and is also used for the treatment 
of angina, hypertension and hypertrophic obstruc- 
tive cardiomyopathy. Verapamil has a marked negative 
inotropic action and may cause bradycardia, hypoten- 
sion, AV block or heart failure when combined with 
B-blockers or other cardiodepressant drugs (including 
volatile anaesthetic agents). It may also potentiate the 
effects of neuromuscular blocking drugs. Both vera- 
pamil and diltiazem inhibit the hepatic metabolism 
of several drugs; plasma concentrations of digoxin, 
carbamazepine and theophyllines are increased by 
verapamil. 

Diltiazem is a benzothiazepine whose predominant 
effect is on coronary arteries rather than conducting 
tissue, and is used mainly in the treatment of hyper- 
tension and angina. It can cause myocardial depres- 
sion, especially when combined with B-blockers. It is 
metabolized in the liver, producing active metabolites, 
and is excreted via the kidneys. 


Second- and Third-Generation CCBs 


The second-generation CCBs are dihydropyridine 
derivatives (either sustained-release formulations or 
new compounds) which have a slower onset and lon- 
ger duration of action, and greater vascular smooth 
muscle selectivity. The slow onset results in less sym- 
pathetic activation and reflex tachycardia. The new 
compounds (e.g. felodipine, nisoldipine, nicardip- 
ine) have less effect on AV conduction and less nega- 
tive inotropic and chronotropic effects. All have little 
effect on lipid or glucose metabolism and may be used 
in patients with renal dysfunction. Some have special 
features. 

Nimodipine is selective for cerebral vasculature 
and is used to prevent vasospasm after subarachnoid 
haemorrhage. Nicardipine causes less reduction in 
myocardial contractility than other CCBs. Felodipine 
acts predominantly on peripheral vascular smooth 
muscle and has negligible effects on myocardial con- 
tractility, although it does produce coronary vasodila- 
tation. It also has a mild diuretic and natriuretic effect. 
It is indicated for the treatment of hypertension, but 
has been used in patients with impaired LV function. 

The third generation of CCBs (lacidipine, amlodip- 
ine) bind to specific high-affinity sites in the calcium 
channel complex. They have a particularly slow onset 
and long duration of action, and so reflex sympathetic 


stimulation is not evident but adverse effects related 
to vasodilatation (headache, flushing, ankle oedema) 
do occur. Both are extensively metabolized in the liver 
to inactive metabolites which are excreted via the kid- 
neys and liver. Lacidipine is highly lipophilic, so that it 
is sequestered in the lipid bilayer of vascular smooth 
muscle cells and may delay the development of athero- 
sclerosis via effects on modulators of vascular smooth 
muscle and platelet function. Lacidipine may augment 
the action of endothelium-derived relaxing factors 
(e.g. NO — which has vasodilator, antiplatelet and anti- 
proliferative effects) and antagonize endothelin-1, a 
potent vasoconstrictor which also stimulates endothe- 
lial proliferation. 


Anaesthesia and Calcium Channel Blockers 


Both intravenous and volatile anaesthetic agents block 
conduction through L-type calcium channels in neu- 
ronal and cardiac tissues, and may therefore interact 
with CCBs through pharmacokinetic and pharmaco- 
dynamic mechanisms. In general, CCBs potentiate the 
hypotensive effects of volatile anaesthetics; verapamil 
(and to a lesser extent diltiazem) has additive effects 
with halothane on cardiac conduction and contractil- 
ity, with the potential for bradycardia and myocardial 
depression. Verapamil decreases the MAC of halo- 
thane, and, in an animal model, nifedipine enhances 
the analgesic effects of morphine by stimulation 
of spinal 5-HT, receptors. Plasma concentrations 
of verapamil are increased during anaesthesia with 
volatile agents, possibly because of decreased hepatic 
blood flow. 

CCBs also potentiate the effects of depolarizing and 
non-depolarizing neuromuscular blockers in experi- 
mental conditions, although the clinical relevance of 
this is uncertain. 


DRUGS ACTING VIA THE RENIN- 
ANGIOTENSIN-ALDOSTERONE 
SYSTEM 


The renin—angiotensin—aldosterone system (RAS) 
is intimately involved with cardiovascular and body 
fluid homeostasis. Angiotensin II (AT-II) is the major 
regulator of the renin-angiotensin system and is a po- 
tent vasoconstrictor with several renal and extrarenal 
effects. AT-II has an important role in the maintenance 
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of circulating volume in response to several stressors, 
while direct renal effects are mostly responsible for 
long-term regulation of body fluid volume and blood 
pressure. 

The production of AT-II from angiotensinogen oc- 
curs in the walls of small blood vessels in the lungs, 
kidneys and other organs, and in the plasma. The rate- 
limiting step for this cascade is the plasma concentra- 
tion of renin (Fig. 8.6). AT-II is metabolized by several 
peptidases to several breakdown products including 
angiotensin III (AT-III), which has some activity at 
angiotensin receptors. Four subtypes of angiotensin 
receptor have been defined (AT,_,). AT,-receptors are 
found principally in vascular smooth muscle, adre- 
nal cortex, kidney, liver and some areas of the brain, 
and mediate all the known physiological functions of 
AT-II. AT,-receptors are present in the kidney, adrenal 
medulla, uterus, ovary and the brain; they may play 
a role in cell growth and differentiation. The roles of 
AT,- and AT,-receptors are unclear. 

AT -receptors are typical G-protein-coupled re- 
ceptors which activate phospholipase C with the 
production of DAG and IP,. IP, causes the release of 
intracellular Ca**, which activates enzymes to cause 
the phosphorylation of intracellular proteins. AT-II 
also increases Ca’ entry through membrane channels. 
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Direct effect: arteriolar and venoconstriction 
Sodium reabsorption 

Aldosterone production 

Sympathetic nervous system activation 
Increased erythropoiesis 


Other effects (e.g. regional blood flow) 


The renin-angiotensin system. 


AT-II (see Fig. 8.6) is a potent vasoconstrictor (by 
direct action on vascular smooth muscle of arteri- 
oles and veins) and it promotes sodium reabsorption 
both by direct action at the proximal tubules and by 
stimulating aldosterone secretion. AT-II produces 
preglomerular vasoconstriction and efferent arteri- 
olar vasoconstriction, and so maintains glomerular 
filtration rate in response to a decrease in renal blood 
flow. It also affects the local regulation of blood flow 
in other vascular beds, e.g. the splanchnic circulation, 
and stimulates the sympathetic nervous system via di- 
rect and indirect methods to increase noradrenaline 
and adrenaline release; it may also inhibit cardiac vagal 
activity. AT-II stimulates erythropoiesis and has direct 
trophic effects on vascular smooth muscle and cardiac 
muscle, promoting cellular proliferation, migration 
and hypertrophy. There is some evidence for relative 
downregulation of AT -receptors and upregulation of 
AT,-receptors in heart failure, with AT,-receptors be- 
ing responsible for some cardioprotective effects. 

RAS activity tends to be low in the resting state but 
renin production (the rate-limiting step in the produc- 
tion of AT-II) is activated by several stimuli, e.g. deple- 
tion of circulating volume, haemorrhage or sodium 
depletion. This increases AT-II production and causes 
vasoconstriction, increased sympathetic activity (with 
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increased cardiac output and arterial pressure) and 
sodium retention. The RAS may be involved in the 
pathogenesis of hypertension but the relationship is 
complex; RAS activity may be high (e.g. in renal artery 
stenosis), low (as in primary aldosteronism) or vari- 
able (essential hypertension). 


Drugs Acting on the Renin-Angiotensin 
System 


The activity of the RAS may be inhibited by several 
mechanisms: 


= Suppression of renin release or inhibition of renin 
activity. Sympatholytic drugs (e.g. B-blockers or 
central «-antagonists) directly inhibit renin se- 
cretion. Renin inhibitors competitively inhibit 
the reaction between renin and angiotensinogen, 
preventing the production of AT-II. Because re- 
nin release still occurs, the consequent reduction 
of plasma AT-II concentrations leads to a sec- 
ondary increase in renin secretion, limiting the 
effect of such drugs. 

= Inhibition of angiotensin-converting enzyme 
(ACE). The primary mechanism of action of ACE 
inhibitors is to block the conversion of angioten- 
sin I (AT-I) to AT-II, although effects on kinin 
and prostaglandin metabolism also contribute. 

= Blockade of AT-II receptors. AT -receptor blockers 
(ARBs) non-competitively block AT,-receptors 
and inhibit the RAS independently of the source 
of AT-II. They block any effects of AT-II resulting 
from compensatory stimulation of renin, such 
as reflex activation of the sympathetic nervous 
system. 

m Aldosterone antagonism. Spironolactone and 
eplerenone are competitive antagonists of aldo- 
sterone at renal nuclear mineralocorticoid recep- 
tors (see Ch 10). 


ACE Inhibitors 


ACE inhibitors act principally by inhibition of AT-II 
formation, but effects on the kallikrein-kinin system 
are also important. All ACE inhibitors reduce arteri- 
olar tone, peripheral resistance and arterial pressure 
by decreasing both AT-l-mediated vasoconstric- 
tion and sympathetic nervous system activity. Renal 
blood flow increases, further inhibiting aldosterone 


and antidiuretic hormone secretion and promot- 
ing sodium excretion. ACE inhibitors are useful in 
patients with heart failure because preload and after- 
load decrease without an increase in heart rate, and 
cardiac output increases. 

ACE is the same enzyme as kininase II and is involved 
in the metabolism of both kinins and prostaglandins. 
ACE inhibitors therefore block the degradation of 
kinins, substance P and endorphins, and increase pros- 
taglandin concentrations. Bradykinin and other kinins 
are highly potent arterial and venous dilators which 
stimulate the production of arachidonic acid metabo- 
lites, NO and endothelial-derived hyperpolarization 
factor via specific bradykinin [,-receptors in vascular 
endothelium. Bradykinin also enhances the uptake of 
circulating glucose into skeletal muscle and has a pro- 
tective effect on cardiac myocytes by a mechanism in- 
volving prostacyclin stimulation. Kinins have no major 
effect on arterial pressure regulation in normotensive 
individuals or those with low-renin hypertension, but 
they account for up to 30% of the effects of ACE inhib- 
itors in renovascular hypertension. The adverse effects 
of dry cough and angioneurotic oedema sometimes as- 
sociated with ACE inhibitors may be kinin-dependent. 
ACE is widely distributed in tissues and plasma; ACE 
inhibitors may differ in their affinity for ACE at dif- 
ferent sites. Other tissue enzymes (AT-I convertase 
and chymase) may also produce AT-II, from AT-I or 
directly from angiotensinogen, so that ACE inhibitors 
do not completely block RAS activity. 


Clinical Applications of ACE Inhibitors. ACE in- 
hibitors are established in the treatment of hyperten- 
sion and congestive heart failure. They improve left 
ventricular dysfunction after myocardial infarction, 
delay the progression of diabetic nephropathy and 
have a protective effect in non-diabetic chronic renal 
failure. ACE inhibitors improve vascular endothelial 
function by their effects on AT-II and bradykinin, 
and improve long-term cardiovascular outcome in 
patients with established vascular disease. ACE in- 
hibitors have a common mechanism of action, differ- 
ing in the chemical structure of their active moieties 
in potency, bioavailability, plasma half-life, route of 
elimination, distribution and affinity for tissue-bound 
ACE (Table 8.10). Most of the newer compounds are 
prodrugs, converted to an active metabolite by the 
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TABLE 8.10 


Pharmacology of ACE Inhibitors 


Captopril Lisinopril Enalapril Perindopril Quinapril — Trandolapril Ramipril Fosino 
Zinc ligand Sulphydryl Carboxyl Carboxyl Carboxyl Carboxyl Carboxyl Carboxyl Phosphinyl 
Prodrug No No Yes Yes Yes Yes Yes Yes 
Bioavailability (%) 75 25 60 65 40 70 50 35 
taa (hy)? 0.8 6-8 3-4 3-4 2 4-6 2-3 3-6 
tize (h) 2 12 11 25° 20-257 16-24" 4-50" 12 
Metabolism Oxidation Minimal Minimal Prodrug Prodrug Prodrug Prodrug Prodrug 
(50%) 
Elimination Renal Renal Renal Renal Renal Renal, Renal Renal, 
hepatic hepatic 


w 


T 
J 


liver, and have a prolonged duration of action. Most 
are excreted via the kidneys, and dosage should be 
reduced in the elderly and those with impaired renal 
or cardiac function. Enalapril is also available as the 
active drug, enalaprilat, and may be administered i.v. 
for the treatment of hypertensive emergencies. 

ACE inhibitors are generally well tolerated, with no 
rebound hypertension after stopping therapy and few 
metabolic effects. Symptomatic first-dose hypotension 
may occur, particularly in hypovolaemic or sodium- 
depleted patients with high plasma renin concentra- 
tions. Symptomatic hypotension was more common 
with the higher doses originally used. ACE inhibitors 
have a synergistic effect with diuretics (which increase 
the activity of the renin-angiotensin system) but are 
less effective in patients taking NSAIDs. 

Adverse effects of ACE inhibitors are classified 
into those that are class-specific (related to inhibi- 
tion of ACE) and those which relate to specific drugs. 
Class-specific effects include hypotension, renal in- 
sufficiency, hyperkalaemia, cough (10%) and angio- 
neurotic oedema (0.1-0.2%). ACE inhibitors may 
cause renal impairment, particularly if renal perfu- 
sion is decreased (e.g. because of renal artery stenosis, 
congestive heart failure or hypovolaemia) or if there 
is pre-existing renal disease. Renal impairment is also 
more likely in the elderly or those receiving NSAIDs, 
and renal function should be checked before starting 
ACE inhibitor therapy, and monitored subsequently. 


These drugs have polyphasic pharmacokinetics, with a dose-dependent prolonged terminal elimination phase from plasma of over 24h. 
The prodrugs are metabolized in the gut mucosa and liver to active compounds. Pharmacokinetic data refer to the active compounds. 


Hyperkalaemia (plasma K* concentration usually in- 
creases by 0.1-0.2 mmol L~”! because of decreased aldo- 
sterone concentrations) may be more marked in those 
with impaired renal function or in patients taking po- 
tassium supplements or potassium-sparing diuretics. 
The mechanism of cough is not known but is medi- 
ated by C fibres and may be related to bradykinin or 
substance P production. It is reversible on stopping 
the ACE inhibitor. Other adverse effects include upper 
respiratory congestion, rhinorrhoea, gastrointestinal 
disturbances, and increased insulin sensitivity and hy- 
perglycaemia in diabetic patients. 

Some adverse effects, e.g. skin rashes (1%), taste 
disturbances, proteinuria (1%) and neutropenia 
(0.05%), are related to the presence of a sulphydryl 
group (e.g. captopril). ACE inhibitors are contraindi- 
cated in pregnancy. 

Although anaesthesia per se has no direct effect on 
the RAS or ACE inhibitors, the RAS is activated by 
several stimuli which may occur during the periopera- 
tive period. These include blood or fluid losses and the 
stress response to surgical stimulation. RAS activation 
contributes to the maintenance of arterial pressure 
after haemorrhage, or during anaesthesia. Refractory 
hypotension during anaesthesia has been reported in 
patients receiving long-term antihypertensive treat- 
ment with ACE inhibitors, and it has been recom- 
mended that they are stopped 24h before surgery if 
significant blood loss or fluid shifts are likely. ACE 


inhibitors improve ventricular function in patients 
with heart failure or after myocardial infarction but it 
is not known whether acute cessation before surgery is 
harmful. Conversely, they may have beneficial effects 
on regional blood flow and have been associated with 
improved renal function in patients undergoing aortic 
surgery. 


Angiotensin-Il Receptor Blockers 


Angiotensin-II receptor blockers (ARBs) specifically 
and non-competitively block the AT -receptor, inhib- 
iting the RAS independently and blocking any effects 
of AT-II resulting from compensatory stimulation 
of renin. Hence, they reduce afterload and increase 
cardiac output without causing tachycardia and are 
used in the treatment of hypertension, diabetic ne- 
phropathy and heart failure. As they have no effect on 
bradykinin metabolism or prostaglandin synthesis, 
ARBs do not produce the cough or rash associated 
with ACE inhibitors, though angio-oedema has been 
reported. However, plasma renin, AT-I and AT-II con- 
centrations increase, and aldosterone concentrations 
decrease, during long-term therapy: hyperkalaemia 
may occur if potassium-sparing diuretics are also ad- 
ministered. Losartan is also uricosuric. All available 
ARBs are non-peptide imidazole compounds and are 
highly protein bound, with a prolonged duration of 
action exceeding their plasma half-life, and a maxi- 
mum antihypertensive effect 2—4 weeks after starting 
therapy. In common with ACE inhibitors, they are 
contraindicated in pregnancy and are likely to have an 
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adverse effect in patients with renal artery stenosis or 
those taking NSAIDs. The pharmacological properties 
of some ARBs are shown in Table 8.11. There are few 
data describing the effects of ARBs in the periopera- 
tive period, but caution would be appropriate when 
large fluid or blood losses are expected. 


ANTIARRHYTHMIC DRUGS 


Cardiac arrhythmias are irregular or abnormal heart 
rhythms and include bradycardias or tachycardias out- 
side the physiological range. Patients may present for 
surgery with a pre-existing arrhythmia; alternatively, 
arrhythmias may be precipitated or accentuated dur- 
ing anaesthesia by several surgical, pharmacological 
or physiological factors (Table 8.12). Although sev- 
eral drugs (including anaesthetic drugs) have effects 
on heart rate and rhythm, the term antiarrhythmic 
is applied to drugs which primarily affect ionic cur- 
rents within myocardial conducting tissue. Therapy 
for long-term arrhythmias has changed during 
the last two decades with the development of non- 
pharmacological techniques, e.g. DC cardioversion, 
implantable cardioverter-defibrillator (ICD) devices or 
radiofrequency ablation of ectopic foci. Most forms of 
supraventricular tachycardia may be controlled by ra- 
diofrequency ablation and ICDs are increasingly used 
in patients who have suffered an episode of ventricu- 
lar tachycardia. Long-term drug therapy has therefore 
declined and is now largely confined to patients with 
atrial fibrillation, or as an adjunct in patients with 


TABLE 8.11 


Pharmacology of Angiotensin Receptor Blockers 


Drug Losartan Candesartan Irbesartan Valsartan Eprosartan Telmisartan 
Prodrug Yes Yes No No No No 
Bioavailability (%) 33 14-40 60-80 23 10-15 40 
Peak effect (h) 1? 3-4 1.5-2 2-4 1-3 0.5-1 
ta (h) 2 9 11-15 9 5-9 24 
Metabolism Hepatic Minimal Hepatic Minimal Hepatic Minimal 
(most excreted 
unchanged) 
Elimination Renal, hepatic Renal, hepatic Renal, hepatic Bile, urine Bile Bile 


“Undergoes significant first-pass metabolism, producing an active metabolite EXP 3174, which is 10-40 times more potent than the parent drug. 
Time to peak concentration and elimination half-life of EXP 3174 are 3-4h and 6-9h, respectively. 
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TABLE 8.12 


Precipitants of Arrhythmias During Anaesthesia 


Myocardial ischaemia 


Hypoxia 


Hypercapnia 


Halogenated hydrocarbons (volatile anaesthetic agents, e.g. 
trichloroethylene, cyclopropane, halothane) 


Catecholamines (endogenous or exogenous) 


Electrolyte abnormalities (hypo- or hyperkalaemia, 
hypocalcaemia, hypomagnesaemia) 


Hypotension 


Autonomic effects (e.g. reflex vagal stimulation, brain tumours 
or trauma) 


Acid-base abnormalities 


Mechanical stimuli (e.g. during CVP or PAFC catheter 
insertion) 


Drugs (toxicity or adverse reactions) 


Medical conditions (e.g. sepsis, myocarditis, pneumonia, 
alcohol abuse, thyrotoxicosis) 


ICDs or benign arrhythmias resistant to catheter abla- 
tion. However, owing to the frequency of arrhythmias 
during anaesthesia, knowledge of the available drugs 
and their interactions is important for the anaesthetist. 
Antiarrhythmic drugs are classified according to their 
effects on the action potential (see below). 


The Cardiac Action Potential 


The cardiac action potential (AP) is generated by 
movement of charged ions across the cell membrane 
and comprises five phases (see Fig. 8.5). At rest, the 
cells are polarized and the resting membrane potential 
is negative (—50 to —60mV in sinus node pacemaker 
cells and —80 to —90 mV in Purkinje, atrial and ven- 
tricular muscle fibres). The AP is triggered by a low 
intra-cellular leak of Na* ions (and Ca”* ions at the AV 
node) until a threshold point is reached, when sudden 
rapid influx of Na* ions causes an increase in positive 
charge within the cell and generates an impulse (phase 
0, depolarization). The AP starts to reverse (phase 1), 
but is sustained because of slower inward movement 
of Ca’* ions (phase 2). Efflux of K* ions brings about 
repolarization (phase 3) and the gradual termination of 
the AP. Thereafter, re-equilibration of Na* and K* takes 
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place and the resting membrane potential is restored 
(phase 4). The AP spreads between adjacent cells and is 
transmitted through the specialized conducting system 
from the AV node to the bundle of His and ventricular 
muscle fibres via the Purkinje fibres. The SA node pace- 
maker cells have the fastest spontaneous discharge rate 
and usually initiate the coordinated action potential. 
However, action potentials may also be generated by 
the AV node and other cells in the conducting system. 


Mechanisms of Arrhythmias 


Arrhythmias are caused by abnormalities of impulse 
generation or conduction, or both, via a number of 
mechanisms: 


= Altered automaticity. Increased pacemaker activ- 
ity in the SA node (e.g. caused by increased sym- 
pathetic tone) may cause sinus tachycardia, or 
atrial or ventricular tachyarrhythmias. Decreased 
SA node automaticity (e.g. as a result of enhanced 
vagal activity) may allow the emergence of latent 
pacemaker activity in distal conducting tissues, 
e.g. AV node or the bundle of His—Purkinje sys- 
tem, causing sinus bradycardia, AV nodal or idio- 
ventricular escape rhythms. These rhythms are 
common during halothane anaesthesia. 

m Unidirectional conduction block. Interruption of the 
normal conduction pathways caused by anatomical 
defects, alterations in refractory period or excitabil- 
ity may cause heart block and favours arrhythmias 
caused by abnormal re-entry or automaticity. 

m Ectopic foci. Ectopic foci may give rise to ar- 
rhythmias in a variety of circumstances. In the 
presence of bradycardia or SA node block, path- 
ological damage in cardiac muscle cells or con- 
ducting tissues may augment the generation of 
arrhythmias from ectopic foci, via: 
= increased automaticity 
= re-entry phenomena 
= pathological afterdepolarizations. 


Other factors may contribute. Increased automati- 
city in atrial, ventricular or conducting tissues caused 
by ischaemia or electrolyte disturbances (e.g. hypo- 
kalaemia) may trigger depolarization before the SA node 
and cause an arrhythmia. Re-entrant arrhythmias arise 
when forward conduction of impulses in a branch of 
the conduction pathway is blocked by disease and 


retrograde conduction occurs. If there is a discrep- 
ancy in the refractory periods of the two branches, 
retrograde conduction may occur in cells which have 
already discharged and repolarized, triggering a fur- 
ther AP which is both premature and ectopic. These 
premature APs become self-sustaining (circus move- 
ments), leading to atrial or ventricular tachycardia 
or fibrillation. Pathological afterdepolarizations are 
spontaneous impulses arising just after the normal AP 
and occur mostly in ischaemic myocardium (e.g. after 
myocardial infarction), especially in the presence of 
hypoxaemia, increased catecholamine concentrations, 
digoxin toxicity or electrolyte abnormalities. 


Arrhythmias and Anaesthesia 


Arrhythmias are common during anaesthesia and in 
intensive care, especially in patients with preopera- 
tive arrhythmia, cardiomyopathy, ischaemia or val- 
vular or pericardial disease. They may be precipitated 
by several factors (see Table 8.13). Some arrhythmias 
are immediately life-threatening but all warrant atten- 
tion because they usually imply the presence of other 
disturbances, and the effects of specific therapy (e.g. 
drugs, electrical cardioversion or cardiac pacing) are 
enhanced by prior corrective measures. Specific anti- 
arrhythmic treatment is usually reserved for those ar- 
rhythmias affecting cardiac output or those which may 
progress to dangerous tachyarrhythmias. 

In addition to volatile agents, several drugs used 
during anaesthesia may facilitate arrhythmias by direct 
toxicity (e.g. local anaesthetics), autonomic effects (e.g. 
succinylcholine, pancuronium), by enhancing the ef- 
fects of catecholamines (e.g. nitrous oxide, thiopental, 
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cocaine) or as a result of histamine release. Opioids 
potentiate central vagal activity, decrease sympathetic 
tone and have direct negative chronotropic effects on 
the SA node. They may therefore cause bradycardia 
but decrease the incidence of ventricular arrhythmias. 


Mechanisms of Action of Antiarrhythmic 
Drugs 


An arrhythmia may be controlled either by slowing the 
primary mechanism or, in the case of supraventricular 
arrhythmias, by reducing the proportion of impulses 
transmitted through the AV node to the ventricular 
conducting system. The cardiac action potential may 
be pharmacologically manipulated in three ways: 


= The automaticity (tendency to spontaneous dis- 
charge) of cells may be reduced. This result can 
be achieved by reducing the rate of leakage of 
sodium (reducing the slope of phase 4), by in- 
creasing the electronegativity of the resulting 
membrane potential or by decreasing the elec- 
tronegativity of the threshold potential. 

m The speed of conduction of the action potential 
may be suppressed as reflected by a lowering of 
the height and slope of the phase 0 discharge. A re- 
duction in the electronegativity of the membrane 
potential at the onset of phase 0 reduces both the 
amplitude and the slope of the phase 0 depolar- 
ization. This situation occurs if the cell discharges 
before it has been completely repolarized. 

m The rate of repolarization may be reduced, which 
prolongs the refractory period of the discharg- 
ing cell. 


TABLE 8.13 


Drug Treatments for Specific Arrhythmias 


Paroxysmal Atrial Ventricular 
Atrial Fibrillation Fibrillation Atrial Flutter Paroxysmal SVT WPW Arrhythmias 
Digoxin Amiodarone Digoxin Adenosine Amiodarone Amiodarone 
B-Blockers Propafenone Amiodarone Verapamil Disopyramide Lidocaine 
Verapamil Flecainide Sotalol B-Blockers Flecainide Disopyramide 
Amiodarone Dronaderone Propafenone B-Blockers Flecainide 
Dronaderone Propafenone 


WPW: Wolff-Parkinson-White syndrome 


Magnesium 
(torsade de 
pointes) 
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All antiarrhythmic drugs may themselves induce 
arrhythmias. Many (particularly class 1 antiarrhyth- 
mics) have a narrow therapeutic index and some have 
been associated with an increase in mortality in large- 
scale studies. Antiarrhythmic agents may be classi- 
fied empirically on the basis of their effectiveness in 
supraventricular tachycardias (e.g. digoxin, B-blockers 
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and verapamil) or in ventricular arrhythmias (lido- 
caine, mexiletine, magnesium, phenytoin). Many 
drugs (disopyramide, amiodarone, quinidine and pro- 
cainamide) are effective in both supraventricular and 
ventricular arrhythmias (Table 8.13). The Vaughan 
Williams classification (Table 8.14) is based on elec- 
trophysiological mechanisms. This classification has 


TABLE 8.14 


Vaughan Williams Classification of Antiarrhythmic Drugs 


Class Examples Mechanism Effects Indication 
la Quinidine Na* channel blockade Moderate | V_ Prevention of SVT, VT, atrial 
Disopyramide (moderate) ft Action potential duration tachycardia 
{ Conduction velocity t Refractory period WPW 
Prolonged polarization QRS widened 
1b Lidocaine Na’ channel blockade (mild) Mild) V_ Prevention of VT/VF during 
Mexiletine { Conduction velocity | Action potential duration ischaemia 
Shortened repolarization | Refractory period 
QRS unchanged 
lé Flecainide Na* channel blockade (marked) Marked | V ax Conversion/prevention of SVT/ 
Propafenone { Conduction velocity Minimal change in action potential = VT/VF 
No change in repolarization duration and refractory period 
QRS widened 
2 B-Blockers B-Adrenergic receptor blockade Decreased automaticity Prevention of sympathetic- 
(SA and AV nodes) induced tachyarrhythmias, rate 
control in AF, 2° prevention 
after MI, prevention of AV 
node re-entrant tachycardia 
3 Amiodarone Inhibition of inward K* current Markedly prolonged Prevention of SVT/VT/VF 
Bretylium repolarization 
Sotalol t Action potential duration 
t Refractory period 
QRS unchanged 
4 Diltiazem Calcium channel blockade | Depolarization and V „ of slow Rate control in AF 
response cells in SA and AV nodes Prevention of AV node 
{ Action potential duration re-entrant tachycardias 
| Refractory period of AV node 
Other* Digoxin Inhibition of Na*/K’ ATPase Slows AV node conduction Rate control and treatment of 
pump Positive inotropy AF and atrial flutter 
Î Intracellular Ca”, vagal and 
sympathetic effects 
Adenosine Agonist at A,- & A,-receptors Suppresses SA and AV node Conversion of paroxysmal SVT 


Magnesium Blockade of atrial calcium 
channels 


Blocks K* channels 


conduction 

{ Automaticity 

T Refractory period 
Prolongs atrial conduction 


Diagnosis of conduction 
defects 

Treatment of ventricular 
dysrhythmias including torsade 
de pointes 


* The original Vaughan Williams classification included Classes 1-4 only. Digoxin, adenosine and other drugs which do not fit into this 


classification are sometimes termed ‘Class 5’ but are included here 


as ‘Other’. 


limitations (some drugs belong to more than one class, 
some arrhythmias may be caused by several mecha- 
nisms, some drugs, e.g. digoxin and adenosine, do not 
fit into the classification) but it remains in use and is 
therefore described below. 

Class 1 antiarrhythmic drugs (Table 8.15) inhibit 
the fast Na* influx during depolarization; they inhibit 
arrhythmias caused by abnormal automaticity or re- 
entry. All class 1 drugs decrease the maximum rate 
of rise of phase 0, and decrease conduction velocity, 
excitability and automaticity to varying degrees. In ad- 
dition to these local anaesthetic properties, some have 
membrane-stabilizing effects. Class 1a drugs antago- 
nize primarily the fast influx of Na* ions and so reduce 
conduction velocity through the AV node and His- 
Purkinje system, whilst prolonging the duration of the 
action potential and the refractory period. They also 
have varying antimuscarinic and sympathomimetic 
effects. Class 1b drugs have much less effect on con- 
duction velocity in usual therapeutic doses and they 
shorten the refractory period. Agents in class 1c affect 
conduction profoundly without altering the refractory 
period. 

B-Blockers (class 2) depress automaticity in the SA 
and AV nodes, and attenuate the effects of catechol- 
amines on automaticity and conduction velocity in the 
sinus and AV nodes. Class 3 drugs prolong the AP and 
so lengthen the refractory period. Verapamil (class 4) 
also prolongs the AP, in addition to depressing auto- 
maticity (especially in the AV node). 


Class 1 Antiarrhythmics 


Class 1a. These drugs (see Tables 8.14 and 8.15) are 
used for the treatment and prevention of ventricular 
and supraventricular arrhythmias. Their use in the 
prevention of atrial fibrillation has declined because 
of proarrhythmic effects causing increased mortal- 
ity, especially in patients with ischaemic heart disease 
or poor LV function. They may induce torsades de 
pointes (a form of polymorphic ventricular tachycar- 
dia) even in patients without structural heart disease. 
Quinidine is an isomer of quinine with antimusca- 
rinic and a-blocking properties. It was formerly used 
in the treatment of atrial and supraventricular tachy- 
cardias. Disopyramide is useful in supraventricular 
tachycardias and as a second-line agent to lidocaine 
in ventricular arrhythmias. It has less action on the 
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His—Purkinje system than quinidine, but greater anti- 
muscarinic and negative inotropic effects. 

Procainamide has similar effects to quinidine and 
may cause hypotension after i.v. administration. It may 
be used i.v. to terminate ventricular arrhythmias or as 
an oral antiarrhythmic, although it has a short half-life 
and requires frequent administration or the use of a 
sustained-release oral preparation. 

Ajmalin is a quinidine-like drug used for the treat- 
ment of Wolff—Parkinson—White (WPW) syndrome. 
It inhibits intraventricular conduction and prolongs 
AV conduction time, and is available in Europe. 


Class 1b. Class 1b drugs are useful for the prevention 
and treatment of premature ventricular contractions, 
ventricular tachycardia and ventricular fibrillation, 
particularly associated with ischaemia. 

Lidocaine is the first-choice drug for ventricular ar- 
rhythmias resistant to DC cardioversion. It decreases 
normal and abnormal automaticity and decreases 
action potential and refractory period durations. The 
threshold for ventricular fibrillation is raised but it has 
minimal haemodynamic effects. The antiarrhythmic 
properties of lidocaine are enhanced by hypoxaemia, 
acidosis and hyperkalaemia, so that it is particularly 
effective in ischaemic cells, e.g. after acute myocar- 
dial infarction, during cardiac surgery or in arrhyth- 
mias associated with digitalis toxicity. Lidocaine may 
cause CNS toxicity. Cardiotoxic effects (hypotension, 
bradycardia or heart block) occur at higher doses and 
are potentiated by hypoxaemia, acidosis and hyper- 
capnia. Clearance is decreased if hepatic blood flow 
is decreased (e.g. in the elderly, those with congestive 
heart failure, after myocardial infarction), and also by 
B-blockers, cimetidine and liver disease. In these cir- 
cumstances, the dose should be reduced by 50%. It is 
less effective in the presence of hypokalaemia. 

Mexiletine is a lidocaine analogue which is well ab- 
sorbed orally with high bioavailability. Adverse effects 
are similar to those of lidocaine; nausea and vomiting 
are also common during oral treatment. 


Class 1c. Class 1c drugs are used for the prevention 
and treatment of supraventricular and ventricular 
tachyarrhythmias and junctional tachycardias with or 
without an accessory pathway. They are proarrhyth- 
mogenic, particularly in patients with myocardial 


TABLE 8.15 


Pharmacology of Some Class 1 Antiarrhythmic Drugs 


DRUG QUINIDINE DISOPYRAMIDE PROCAINAMIDE MEXILETINE FLECAINIDE 
Class la la la 1b Ic 
Indications Supraventricular Supraventricular Supraventricular Ventricular Supraventricular 


tachyarrhythmias 


and ventricular 
tachyarrhythmias 


tachyarrhythmias 


tachyarrhythmias 


and ventricular 
tachyarrhythmias 


Metabolism and 
elimination 


80% metabolized in 
liver, 20% excreted 
unchanged via kidneys 


Renal; 50-80% excreted 
unchanged 


15-30% by hepatic 
acetylation, 40-70% 
excreted unchanged by 


85% hepatic, 15% 
excreted unchanged by 
kidneys 


Renal 80-90% excreted 
unchanged 


kidneys 
Elimination t,, 5-8h 4-6h 3-Sh 6-10h 7-15h 
Active metabolites? Yes One of metabolites has Yes (N-acetyl No Weakly active 


Adverse effects 


Ventricular arrhythmias; 
visual and auditory 
disturbances with 
vertigo; gastrointestinal 
symptoms; rashes, 
thrombocytopaenia 
and agranulocytosis 


marked anticholinergic 
effects 


Arrhythmias 
(ventricular 
tachycardia, AV block); 
hypotension; dry 
mouth, blurred vision, 
urinary retention, Gl 
irritation 


procainamide) 


Nausea; myocardial 
depression; drug- 
induced systemic 
lupus erythematosis; 
agranulocytosis 


Nausea, vomiting; 
cardiotoxicity 
(bradycardia, 
hypotension, 
conduction defects); 
CNS toxicity 
(confusion, dysarthria, 
paraesthesiae, dizziness 
and convulsions) 


metabolites 


Arrhythmias 
(ventricular 
tachycardia, AV block); 
myocardial depression; 
nausea, vomiting 


Notes 


Additive with other 
cardiodepressant drugs 
(e.g. disopyramide, 
B-blockers and 
calcium channel 
blockers); potentiates 
non-depolarizing 
neuromuscular 
blockers; enhances 
digoxin toxicity by 
displacing digoxin 
from binding sites and 
reducing its clearance 


Negative inotropic 
effects more marked 
in combination with B- 
blockers or verapamil 


Metabolism to N- 
acetyl procainamide 
dependent on 

hepatic N-acetyl 
transferase; usually only 
administered i.v. 


Elimination enhanced 
by hepatic enzyme 
induction (e.g. 

by rifampicin or 
phenytoin); elimination 
reduced in cardiac or 
hepatic disease 


Polymorphic 
metabolism; 
elimination prolonged 
in renal or heart failure; 
increases digoxin 

and propranolol 
concentrations 
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ischaemia, poor left ventricular function or after myo- 
cardial infarction, and although effective in chronic 
atrial fibrillation, they are reserved for life-threatening 
arrhythmias. 

Flecainide is a procainamide derivative with little ef- 
fect on repolarization, the refractory period or AP du- 
ration, but unlike other drugs in this class, it decreases 
automaticity and produces dose-dependent widening 
of the QRS complex. In acute atrial fibrillation, intra- 
venous flecainide usually restores sinus rhythm and is 
useful prophylaxis against further episodes of atrial fi- 
brillation. However, it increases the risk of ventricular 
arrhythmias after myocardial infarction, especially in 
patients with structural cardiac disease. 

Propafenone has a complex pharmacology includ- 
ing weak antimuscarinic, B-adrenergic receptor and 
calcium channel blocking effects. It should be used 
with caution in patients with reactive airways disease. 
Interaction with digoxin may increase plasma digoxin 
concentrations. 


Class 2 Antiarrhythmic Drugs 


B-Blockers are used mainly for the treatment of sinus 
and supraventricular tachycardias, especially those 
provoked by endogenous or exogenous catechol- 
amines, emotion or exercise. Their antiarrhythmic 
effects are an intrinsic property of B-blockade, i.e. re- 
duced automaticity in ectopic pacemakers, prolonged 
AV node conduction and refractory period, although 
some B-blockers have class 1 activity in high doses 
(‘membrane-stabilizing activity’). Although beneficial 
in chronic heart failure, their negative inotropic effects 
may be disadvantageous in patients with acute left 
ventricular dysfunction. 


Class 3 Antiarrhythmic Drugs 


Class 3 antiarrhythmics prolong the AP in conducting 
tissues and myocardial muscle. They prolong repol- 
arization by K* channel blockade, and decrease out- 
ward K* conduction in the bundle of His, atrial and 
ventricular muscle, and accessory pathways. They are 
used for the treatment of supraventricular and ven- 
tricular tachyarrhythmias, including those associated 
with accessory conduction pathways. Some drugs have 
other actions (e.g. sotalol also produces B-blockade, 
and disopyramide has class 1 effects). All may prolong 
the QT interval and precipitate torsades de pointes, 
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especially in high doses or in the presence of electro- 
lyte disturbance. 

Sotalol is a non-selective B-blocker with class 3 anti- 
arrhythmic effects. Action potential duration and 
refractory period are lengthened, and it is effective in 
the treatment of supraventricular tachyarrhythmias, 
especially atrial flutter and fibrillation, which may be 
converted to sinus rhythm. It also suppresses ventric- 
ular tachyarrhythmias and ventricular ectopic beats. 
However, sotalol may cause torsades de pointes and 
other life-threatening arrhythmias, particularly in the 
presence of hypokalaemia. 

Amiodarone is primarily a class 3 drug; it acts by in- 
hibition of inward K* current. It also blocks sodium 
and calcium channels, and has competitive inhibitory 
actions at a- and B-adrenoceptors, and may therefore 
be considered to have class 1, 2 and 4 antiarrhythmic 
activity. It prolongs AP duration, repolarization and re- 
fractory periods in the atria and ventricles. In addition, 
AV node conduction is markedly slowed and refrac- 
tory period increased. Ventricular conduction velocity 
is slowed. Amiodarone is effective against a wide va- 
riety of supraventricular and ventricular arrhythmias, 
including WPW syndrome, and is preferred to other 
drugs in the presence of left ventricular dysfunction. 
Intravenous amiodarone is contraindicated in the 
presence of bradycardia or AV block but is less likely 
than other agents to cause arrhythmias. Bradycardia 
unresponsive to atropine, and hypotension, have been 
reported during general anaesthesia in patients receiv- 
ing amiodarone therapy. Long-term oral therapy may 
produce a number of adverse effects. Amiodarone is an 
iodinated compound, which explains its effects on the 
thyroid (Table 8.16). 

Bretylium is a quaternary ammonium compound 
which prevents noradrenaline uptake into sympathetic 
nerve endings. It prolongs AP duration and refractory 
period with no effect on automaticity, and was used 
as second-line therapy to lidocaine for resistant life- 
threatening ventricular tachyarrhythmias, but is no 
longer available in the UK. 

Dronaderone and dofetilide are new class 3 anti- 
arrhythmics whichselectively inhibitinward K* currents 
and so prolong repolarization, effective refractory pe- 
riod and the QT interval. Dofetilide has high bioavail- 
ability and is excreted mostly unchanged by the kidney 
but may cause torsades de pointes. Dronaderone is an 


TABLE 8.16 


Drug (class) 


Pharmacological Properties of some Commonly used Intravenous Antiarrhythmic Drugs 


Lidocaine (1b) 


Adenosine 


Digoxin 


Amiodarone (3) 


Magnesium Sulphate 


Typical i.v. dose 


50-100 mg, repeated after 
5-10 min or followed by 
continuous infusion 


3 mg, repeated up to 6mg 
and 12mg after 1-2 min 


Loading dose 
250-500 ug i.v. over 
10-20 min, repeated 
after 6-12h 


Smgkg" over at least 
5-10 min, followed by 
infusion of 900 mg over 
24h 


8 mmol over 

10-15 min followed 
by continuous 

i.v. infusion of 

4-72 mmol over 24h 


Metabolism and 
elimination 


Extensive first-pass hepatic 
metabolism 


Vascular endothelium 


Mostly excreted 
unchanged via 


Hepatic; drug and active 
metabolite accumulate in 


Redistributed or 
excreted unchanged 


kidneys tissues via kidneys 
Elimination t, , <2h < 10s 36h 35-40 days <1h 
Active metabolites? Monoethylglycine-xylidide No No Desethylamiodarone No 


Adverse effects 


(MEGX), glycine xylidide 
(GX) 


CNS toxicity (confusion, 
dysarthria, tremor, 
paraesthesiae, dizziness 
and convulsions). 
Cardiotoxicity 
(bradycardia, 


hypotension, asystole) 


Dyspnoea, flushing, 
bronchospasm, 
bradycardia and, 
occasionally, ventricular 
standstill or malignant 
tachyarrhythmias 


Cardiac arrhythmias 
(especially 
ventricular 
arrhythmias, heart 
block), CNS toxicity 
(fatigue, agitation, 
nightmares, visual 
disturbances), 
anorexia and nausea 
or abdominal pain 


Bradycardia, hypotension, 
thrombophlebitis. With 
long-term therapy, corneal 
microdeposits, cutaneous 
rash, hypothyroidism, 
confounding of thyroid 
function tests 


Vasodilatation, 
hyporeflexia, 
neuromuscular 
blockade, cardiac 
conduction changes, 
cardiac arrest 

and electrolyte 
disturbances. 


Notes 


Toxicity increased 
by hypokalaemia; 
plasma 
concentrations 
increased by 
quinidine, 
amiodarone, 
verapamil; specific 
digoxin antibody 
available for 
treatment of 
toxicity. Plasma 
concentrations 
should be monitored 


Avoid co-administration 
with other drugs which 
prolong QT interval (e.g. 
diltiazem, verapamil, 
phenothiazines, sotalol or 
class 1a antiarrhythmics); 
significant drug 
interactions, including 
increasing plasma digoxin 
concentrations and 
potentiation of warfarin 
and heparin 


Plasma 
concentrations 
should be monitored 
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analogue of amiodarone which also blocks multiple 
channels including L-type Ca** and inward Na* cur- 
rents. Both are used for the long-term treatment of 
atrial fibrillation. 


Class 4 Antiarrhythmic Drugs 


Class 4 drugs (calcium channel blockers) prevent voltage- 
dependent calcium influx during depolarization, par- 
ticularly in the SA and AV nodes. Verapamil is more 
selective for cardiac cells than other calcium channel 
blockers but it is also a coronary and peripheral vaso- 
dilator, and decreases myocardial contractility. It de- 
presses AV conduction, is effective in supraventricular 
or re-entrant tachycardia and controls the ventricular 
rate in atrial fibrillation. However, it is contraindicated 
in WPW syndrome because conduction through the 
accessory pathway may be encouraged, leading to ven- 
tricular fibrillation. Intravenous administration may 
cause hypotension (by vasodilatation), and caution is 
necessary in low-output states and in patients treated 
with negative inotropic drugs, e.g. B-blockers, diso- 
pyramide, quinidine or procainamide. Verapamil and 
diltiazem are effective by both i.v. and oral routes. 


Other Antiarrhythmics 


Adenosine is an endogenous purine nucleoside which 
mediates a variety of natural cellular functions via 
membrane-bound adenosine receptors, of which sev- 
eral subtypes (A,—A,) have been identified. Myocardial 
A -receptors activate potassium channels and de- 
crease cAMP by activating inhibitory G-proteins; 
A,-receptors mediate coronary vasodilatation by 
stimulating endothelial-derived relaxing factor and 
increasing intracellular cAMP. Increased potassium 
conductance induces membrane hyperpolarization 
in the SA and AV nodes, reducing automaticity and 
blocking AV node conduction. Adenosine also has an 
antiadrenergic effect in calcium-dependent ventricu- 
lar tissue. It effectively converts paroxysmal supraven- 
tricular tachyarrhythmias (including those associated 
with WPW syndrome) to sinus rhythm, is used in the 
diagnosis of broad complex tachycardias when the ori- 
gin (ventricular or supraventricular) is uncertain but 
is ineffective in the conversion of atrial flutter or fibril- 
lation. In patients unable to exercise, adenosine is used 
as a coronary vasodilator in combination with myo- 
cardial perfusion scanning to diagnose coronary artery 
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disease. Adenosine is metabolized to AMP or inosine 
by erythrocytes and vascular endothelial cells, so that 
it has a very short duration of action and is given as a 
rapid i.v. bolus. 

Magnesium sulphate. Magnesium is a cofactor for 
many enzyme systems, including myocardial Na*/K* 
ATPase. It antagonizes atrial L and T type Ca** channels, 
so that it prolongs both atrial refractory periods and 
conduction, and also inhibits K* entry and suppresses 
ventricular afterdepolarizations. Intravenous magne- 
sium sulphate is the treatment of choice for torsades de 
pointes, a type of ventricular tachycardia occasionally 
induced by class la or class 3 antiarrhythmic drugs 
which prolong the QT interval. It is a second-line treat- 
ment for supraventricular and ventricular arrhythmias, 
particularly those associated with digoxin toxicity or 
hypokalaemia, and is used as an anticonvulsant in pa- 
tients with pre-eclampsia. Magnesium is redistributed 
rapidly into bone (50%) and intracellular fluid (45%), 
with the remainder excreted via the kidneys. It is there- 
fore administered as an i.v. infusion. 


Cardiac Glycosides 


Digoxin and digitoxin are cardiac glycosides derived 
from plant sources, principally Digitalis purpura 
and Digitalis lanata. Their structure comprises a cy- 
clopentanophenanthrene nucleus, an aglycone ring 
(responsible for the pharmacological activity) and 
a carbohydrate chain made up of sugar molecules 
(which aid solubility). Digitalis compounds have been 
used for over 200 years for the treatment of heart 
failure but have been largely superseded and are now 
principally indicated for the control of ventricular rate 
in supraventricular arrhythmias, particularly atrial 
fibrillation. They have several actions, including di- 
rect effects on the myocardium and both direct and 
indirect actions on the ANS. They increase myocar- 
dial contractility and decrease conduction in the AV 
node and bundle of His. Action potential and refrac- 
tory period durations in atrial cells are reduced, and the 
rate of phase 4 depolarization in the SA node (auto- 
maticity) is decreased. The refractory periods of the 
AV node and bundle of His are increased, but in the 
ventricles, refractory period is decreased and spon- 
taneous depolarization rate increases. This increased 
ventricular excitability is more marked in the presence 
of hypokalaemia and may lead to the appearance of 
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ectopic pacemaker foci. The principal direct cardiac 
action is inhibition of membrane Na*/K*-ATPase ac- 
tivity. Intracellular Na* concentration and Na*/Ca* 
exchange increase, leading to increased availability of 
intracellular Ca** and increased myocardial contractil- 
ity. Increased local catecholamine concentrations as a 
result of decreased neuronal re-uptake and increased 
central sympathetic drive may also contribute to this 
positive inotropic action. In addition to direct cardiac 
actions, digitalis compounds have direct and indirect 
vagal effects. Central vagal tone, cardiac sensitivity to 
vagal stimulation, and local myocardial concentrations 
of acetylcholine are all increased and these effects may 
be partly antagonized by atropine. 

Digoxin has a large apparent volume of distribution 
and a long half-life, so that effective plasma concen- 
trations occur after approximately 5-7 days unless a 
loading dose is given. Doses should be reduced in renal 
impairment or elderly patients. The therapeutic index 
is low and toxicity is likely at plasma concentrations 
>2.5ngmL". However, plasma concentrations are a 
poor guide to toxicity because the drug is concentrated 
in cardiac and other tissues. Even at therapeutic plasma 
concentrations, digitalis affects the ECG, causing repol- 
arization abnormalities. The classic ‘digoxin effect’ on 
ECG is of downsloping (‘reverse tick’) ST-segment de- 
pression with T wave inversion which may be wrongly 
interpreted as ischaemia. These changes are usually 
widespread, are not confined to the territory of one 
coronary artery and do not indicate toxicity. Digoxin 
toxicity usually causes cardiac, CNS, visual and gastro- 
intestinal disturbances, including almost any arrhyth- 
mia, although ventricular arrhythmias (extrasystoles, 
bigeminy and trigeminy) and various degrees of heart 
block are commonest. Supraventricular arrhythmias 
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also occur, often with some degree of conduction block. 
Digoxin should be avoided in the presence of second- 
degree heart block, ventricular tachycardia or aberrant 
conduction pathways (e.g. WPW syndrome) because 
arrhythmias may be precipitated, and should be used 
with caution after myocardial infarction. Sensitivity 
to digoxin is increased by hypokalaemia, hypomag- 
nesaemia, hypercalcaemia, renal impairment, chronic 
pulmonary or heart disease, myxoedema and hypox- 
aemia. B-Blockers and verapamil have combined effects 
on the AV node and digoxin should be administered 
cautiously. Treatment of serious arrhythmias involves 
careful administration of KCl under ECG monitor- 
ing (especially in the presence of heart block or renal 
impairment). Lidocaine and phenytoin are useful for 
ventricular arrhythmias, B-blockade for supraven- 
tricular arrhythmias, and bradyarrhythmias may be 
treated with atropine. Digoxin should be stopped for 
at least 48h before elective DC cardioversion, other- 
wise ventricular fibrillation may be precipitated. If car- 
dioversion is required, the initial energy level should 
be low (e.g. 10-25J) and increased if necessary. 

Digitoxin is metabolized by the liver, and is less de- 
pendent upon renal function for its elimination. It has 
a very long half-life (4—6 days), so maintenance doses 
may be required only on alternate days, but this is also 
a disadvantage as toxic effects are very persistent. 


FURTHER READING 
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Stoelting, R.K., 2005. Pharmacology and physiology in anesthetic 

practice, fourth ed. Lippincott, Williams & Wilkins, Philadelphia. 
Sweetman, S.C. (Ed.), 2011. Martindale: the complete drug refer- 
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FN. understanding of how drugs interact with the 
respiratory system is vital for anaesthetists and those 
working in critical care. Knowledge of the drugs dis- 
cussed in this chapter will facilitate effective manage- 
ment of common, potentially life-threatening medical 
emergencies. An appreciation of the steps in the British 
Thoracic Society guidelines on asthma management 
may help risk-stratify and optimize asthmatic patients 
in the perioperative period. Oxygen is increasingly be- 
ing considered as a therapeutic agent or drug requir- 
ing a written prescription. Nearly 300 serious incidents 
associated with oxygen misuse, including nine deaths, 
were reported to the National Patient Safety Agency 
(NPSA) over a 5-year period. Anaesthetists are well 
placed to lead implementation of the NPSA’s recent 
guidance and assist in the education of other health- 
care staff regarding the safe use of oxygen. 


DRUGS AFFECTING AIRWAY 
CALIBRE 


Airway smooth muscle tone results from a balance 
between opposing sympathetic and parasympathetic 
influences (Fig. 9.1). Sympathetic activity causes 
bronchodilatation while cholinergic parasympathetic 
activity from the vagus nerve causes bronchoconstric- 
tion. Drugs which increase sympathetic influence or 
decrease cholinergic parasympathetic activity gener- 
ally cause bronchodilatation by relaxation of airway 
smooth muscle, and so may be used in the management 
of asthma and chronic obstructive pulmonary disease 
(COPD). Sympathetic control is mediated at a cellu- 
lar level by B,-receptors. Agonists such as adrenaline 
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RESPIRATORY SYSTEM 


that bind to these G-protein coupled receptors (G,) 
stimulate adenylate cyclase. This enzyme catalyses the 
conversion, within the cell, of adenosine triphosphate 
(ATP) to cyclic adenosine monophosphate (cAMP). 
Through kinase enzyme systems, cAMP relaxes airway 
smooth muscle. Cyclic AMP is degraded to inactive 
5'-AMP by the enzyme phosphodiesterase. Drugs that 
increase the concentration of cAMP within the cell 
relax airway smooth muscle (e.g. B,-agonists, phos- 
phodiesterase inhibitors). Conversely, drugs which re- 
duce the level of cAMP (e.g. §,-antagonists) may cause 
bronchoconstriction. 

The cholinergic parasympathetic system is medi- 
ated through several subtypes of muscarinic receptor. 
The most common subtype found in pulmonary tissue 
is the M, receptor. This is also a G-protein coupled re- 
ceptor (G) but one which, when activated, stimulates 
phospholipase C to produce inositol triphosphate, 
which then binds to sarcoplasmic reticulum receptors 
causing release of calcium from intracellular stores, 
and so results in smooth muscle contraction and bron- 
choconstriction. Therefore muscarinic agonists cause 
bronchoconstriction and anticholinergic drugs cause 
bronchodilatation. 

A third, minor, neural pathway also exists, referred 
to as the non-cholinergic parasympathetic system. 
This is a bronchodilator pathway which has vasoactive 
intestinal peptide (VIP) as its neurotransmitter and ni- 
tric oxide (NO) as the second messenger. The physio- 
logical significance of this in humans is unknown. 

Histamine and other mediators also play an im- 
portant role in promoting bronchial constriction 
via H,-receptors, especially during anaphylaxis, drug 
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Bronchoconstriction 
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Contraction J 


E SS 


FIGURE 9.1 


Relaxation 


Summary of the three physiological systems that control airway smooth muscle contraction. See text for details. 


ACh, acetylcholine; G, and G., G-proteins; PIP,, phosphatidylinositol biphosphate; IP,, inositol triphosphate; VIP, vasoactive in- 
testinal peptide; NO, nitric oxide; cGMP, cyclic guanosine monophosphate; ATP, adenosine triphosphate; PKA, phosphokinase; 


cAMP, cyclic adenosine monophosphate. 


reactions, allergy, asthma and respiratory infections. 
Anti-inflammatory agents (e.g. steroids) and mem- 
brane stabilizers (e.g. sodium cromoglicate) may reduce 
or prevent bronchoconstriction in these conditions. 


Bronchodilators 


Bronchodilators are used commonly in the manage- 
ment of acute asthma or an exacerbation of COPD 
with the aim of reversing the abnormal bronchospasm 
that occurs in these potentially life-threatening condi- 
tions. All doctors working in acute specialties need to 
be familiar with their use. Anaesthetists, by ensuring 
optimal bronchodilator therapy, may avoid the need 
for invasive ventilation in some patients. In addition 
to alleviating the symptoms of wheeze and dyspnoea, 
bronchodilators improve the adequacy of ventilation 
and decrease the work of breathing. 


B-Adrenergic Agonists 


B-Adrenergic agonists are usually the first-line treat- 
ment for relieving bronchospasm in asthma and COPD. 
These drugs have additional beneficial effects in the 
management of asthma (Table 9.1). There are at least 
three subtypes of -receptor in the body: B, is found 
in cardiac tissue, B, in pulmonary tissue and peripheral 


TABLE 9.1 


Effects of B-Agonist Drugs on the Airways 
Specific 


Increase in intracellular cAMP and bronchodilatation 


Non-Specific but Complementary 

Inhibition of mast cell mediator release 

Inhibition of plasma exudation and microvascular leakage 
Prevention of airway oedema 

Increased mucous secretion 

Increased mucociliary clearance 

Prevention of tissue damage mediated by oxygen free radicals 
Decreased acetylcholine release in cholinergic nerves by an 
action on prejunctional B,-receptors 


vasculature and f, in adipose tissue. Although non- 
selective B-agonists such as adrenaline and ephed- 
rine can be used as bronchodilators, their unwanted 
P, action (e.g. tachycardia) has meant that f,-specific 
agonists are preferred. Salbutamol, a synthetic sym- 
pathomimetic amine, is the most commonly used se- 
lective B,-agonist. Although developed as a selective 
B,-agonist, salbutamol may have f, side-effects in high 
doses or in the presence of hypoxaemia or hypercapnia. 
Salbutamol is a short-acting bronchodilator with a fast 
onset of action used for the relief of acute symptoms. 


Indications 

= Asthma 

= COPD 

m Hyper-reactive airways in patients undergoing 
mechanical ventilation 

= Bronchospasm caused by allergic reactions and 
anaphylaxis 

= Bronchospasm following aspiration or inhala- 
tion of toxins. 


Route of Administration and Dose. Inhalation is usu- 
ally the most appropriate route of administration of 
B,-agonists in order to minimize systemic side-effects. 
An inhaled drug may also be more effective, because it 
easily reaches the mast and epithelial cells of the airway 
which are relatively inaccessible to a drug administered 
systemically. Salbutamol is administered from a pres- 
surized aerosol (100 ug per puff; 1 or 2 puffs four times 
daily). The effect lasts for 4-6h. The drug may also be 
nebulized in inspired gases and inhaled via a face mask 
or added to the breathing system in patients undergo- 
ing artificial ventilation. For this purpose, a dose of 
2.5-5 mg up to four times daily is used. In severe bron- 
chospasm, up to 5 mg may be given as frequently as ev- 
ery 30min initially. Side-effects are more likely when 
these drugs are nebulized as they deliver a larger dose of 
which a significant proportion is absorbed systemically. 

Oral administration has no advantage over the inhala- 
tional route and is associated with a greater incidence of 
adverse-effects. Intravenous administration is used occa- 
sionally, as a last resort, when bronchospasm is so severe 
that an aerosol or nebulizer is unlikely to deliver the drug 
to the narrowed airways or when inhalational therapy 
has failed. Intravenous administration is associated with 
more frequent systemic side-effects and should be used 
only when the patient is appropriately monitored. 

Salmeterol is a more potent, longer acting B,- 
agonist than salbutamol. Its effects last up to 12h, 
allowing twice daily administration for the prevention 
of asthma attacks. It is available as an aerosol inhaler 
(dose: 50-100 ug twice daily). 


Adverse Effects. Adverse effects of B-agonists include 
the following: 


m tachycardia/tachyarrhythmias (ß, effect) 
m decreased peripheral vascular resistance and 
postural hypotension (ß, effect) 
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m muscle tremor — resulting from a direct effect on 
B,-receptors in skeletal muscle 

m hypokalaemia caused by increased uptake of 
potassium ions by skeletal muscles (ß, effect) 

m metabolic effects — increases in the plasma con- 
centrations of free fatty acids, insulin, glucose, 
pyruvate and lactate (B, effects) 

m potentiation of non-depolarizing muscle relaxants. 


Bronchodilatation may lead to transient hypoxae- 
mia due to increased v/Q mismatch and inhibition 
of the normal hypoxic pulmonary vasoconstriction 
mechanism. This may be overcome easily by supply- 
ing supplementary oxygen. f,-agonists also cause re- 
laxation of the gravid uterus and may be used in the 
management of pre-term labour. 


Anticholinergic Drugs 


The use of anticholinergic agents for their broncho- 
dilator properties dates back two centuries when 
Datura plants were smoked for the relief of asthma. As 
an anticholinergic, atropine does cause bronchodilata- 
tion but side-effects such as tachycardia and dry mu- 
cous membranes limit its usefulness. Anticholinergic 
drugs are usually used as second-line agents in the 
management of acute bronchospasm and are very ef- 
fective in reducing the frequency of acute exacerbations 
of COPD when taken regularly. One of the most com- 
monly used drugs is ipratropium bromide. It is a syn- 
thetic quaternary ammonium compound derived from 
atropine. Ipratropium is active topically and there is lit- 
tle systemic absorption from the respiratory tract. Mast 
cell stabilization has also been proposed as a comple- 
mentary mechanism of action. Maximum effect occurs 
30-60 min after inhalation and may continue for up to 
8h. Tiotropium is a more recently introduced antimus- 
carinic bronchodilator with a longer duration of action 
that allows once daily administration. 


Indications. Ipratropium is used as a second-line 
bronchodilator in acute exacerbations of asthma and 
COPD. It has an additive effect when used in combi- 
nation with B-agonists. It is particularly effective in 
older patients with COPD. Tiotropium is prescribed to 
COPD patients with the aim of decreasing frequency 
of exacerbations; it is not useful in the treatment of 
acute bronchospasm. 
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Route of Administration and Dose. Ipratropium can 
be delivered from a metered dose inhaler (20—40 ug) 
or as a nebulizer (250-500 ug) up to four times daily. 
Tiotropium is delivered as a dry powder by a ‘Spiriva 
HandiHaler’ device; the dose is 18 ug once daily. 


Adverse Effects. Dry mouth is the most commonly re- 
ported adverse effect of the antimuscarinic broncho- 
dilators. Other less frequent side-effects include nausea, 
constipation and palpitations. The drugs are well known 
to precipitate acute urinary retention and so should be 
used with caution in patients with benign prostatic 
hypertrophy. They may also cause acute angle-closure 
glaucoma, particularly when given as a nebulizer (acci- 
dental instillation into the eye) with salbutamol. 


Methylxanthines 


The bronchodilator effect of strong coffee was first de- 
scribed in the 19th century. Methylxanthines, which are 
chemically related to caffeine, have been used to manage 
obstructive airways disease since the 1930s. Theophylline 
is the most commonly used methylxanthine and is 
available as an oral modified-release preparation. 
Aminophylline is a water-soluble salt which is used as an 
injectable form of theophylline. Methylxanthines have 
widespread effects involving multiple organ systems. 
With regard to their bronchodilator effects, the follow- 
ing mechanisms have been proposed: 


= phosphodiesterase inhibition, leading to in- 
creased intracellular cAMP 

m adenosine receptor antagonism, preventing mast 

cell degranulation 

endogenous catecholamine release 

prostaglandin inhibition 

interference with calcium mobilization 

potentiation of B,-agonists. 


Methylxanthines also increase cardiac output and 
the efficiency of the respiratory muscles, including 
improved diaphragmatic contractility. Aminophylline 
has been used occasionally in the management of heart 
failure and is known to reduce the frequency of apnoea 
in the premature neonate. 


Indications. Methylxanthines are usually prescribed 
when inhaled therapies have failed or have been only 
partly effective. They are particularly useful in COPD. 
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Recently, they have been shown to improve exercise toler- 
ance in intensive care patients on a weaning programme. 


Route of Administration and Dose. Theophylline may be 
used as a sustained release oral preparation for the preven- 
tion of acute exacerbations of COPD. The dose depends 
on the preparation being used and is given twice daily. 
Aminophylline is an intravenous preparation used for the 
relief of acute episodes of bronchospasm. It is a strong al- 
kaline solution and should not be given intramuscularly 
or subcutaneously. A loading dose of 5mgkg™ should 
be given slowly over 20min followed by an infusion of 
0.5-0.7 mgkg` h~. If the patient is already taking an oral 
theophylline, then the loading dose should be omitted. 
There is a close relationship between the degree 
of bronchial dilatation and the plasma concentra- 
tion of theophylline. A concentration of <10mgL" is 
associated with a mild effect and a concentration of 
>25mgL" with frequent side-effects. Consequently, 
the therapeutic window is narrow and the plasma 
concentration should be maintained within the 
range 10-20mgL" (55-110 umol L~). Plasma assays 
should be performed 6h after commencing an infu- 
sion or following a rate change and then every 24h. 
Approximately 40% of the drug is protein-bound. 
Theophylline is metabolized mainly in the liver by 
cytochrome P450 microenzymes; 10% is excreted 
unchanged in urine. Factors which affect the activ- 
ity of hepatic enzymes and thus the clearance of the 
drug are summarized in Table 9.2. The infusion rate 


TABLE 9.2 


Factors Affecting the Plasma Concentration 
of Methylxanthines for a Given Dose 


Factors Which Lower the Plasma Concentration: 

Children 

Smoking 

Enzyme induction - rifampicin, chronic ethanol use, phenytoin, 
carbamazepine, barbiturates 

High protein diet 

Low carbohydrate diet 


Factors Which Increase the Plasma Concentration: 

Old age 

Congestive heart failure 

Enzyme inhibition - erythromycin, omeprazole, valproate, 
isoniazid, ciprofloxacin 

High carbohydrate diet 


of aminophylline should be adjusted accordingly (e.g. 
1.6 times for smokers, 0.5 times for patients receiving 
erythromycin). The dose for obese patients should be 
based on ideal body weight and frequent estimation of 
plasma concentration is required to prevent ineffective 
therapy or toxicity. 


Adverse Effects. Adverse effects of methylxanthines 
may be severe and are more likely to occur in patients 
also receiving a B-agonist bronchodilator or other 
sympathomimetic drugs. 


m Central nervous system effects: stimulation of the 
CNS may lead to nausea, restlessness, agitation, 
insomnia, tremor and seizures. Some CNS effects 
(e.g. tremor) may occur even with therapeutic 
plasma concentrations of the drug. 

m Cardiovascular effects: methylxanthines have posi- 
tive chronotropic and inotropic effects on the 
heart. Tachyarrhythmias may occur with therapeu- 
tic doses, especially in the presence of halothane. 

= Renal effects: methylxanthines cause increased 
urine output which may be related to an effect 
on tubular function or may be an indirect effect 
of the increased cardiac output. They may also 
lead to hypokalaemia. 

m Miscellaneous effects: methylxanthines are known 
to increase gastric acid secretion and promote 
gastro-oesophageal reflux. 


Extreme care should be exercised when adminis- 
tering aminophylline in the presence of hypoxaemia, 
hypercapnia, dehydration, hypokalaemia or cardiac ar- 
rhythmias. Patients must be monitored closely. Deaths 
caused by gross hypokalaemia and cardiac arrhyth- 
mias have been reported. If toxic symptoms develop, 
administration of the drug should be discontinued 
and symptomatic treatment provided. Serum potas- 
sium concentration should be measured and corrected 
if necessary. In extreme cases, haemodialysis may be 
required to hasten elimination of the drug. 


Anti-Inflammatory Agents 
Steroids 


Steroids are used commonly as anti-inflammatory 
agents. Synthetic glucocorticoids have metabolic, 
anti-inflammatory and immunosuppressive effects 
(Table 9.3). They are able to penetrate the cell membrane 
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TABLE 9.3 


Sites of Action for the Anti-Inflammatory 
Effects of Steroids 


Site of Action Mechanism 


Intracellular steroid Steroid-receptor complex alters 


receptors the transcription of genes leading 


to altered protein synthesis 


Lipocortin Increased lipocortin production 
inhibits release of arachidonic acid 
metabolites and platelet-activating 


factor from lung and macrophages 


Eosinophils Decrease in the number of 
eosinophils and inhibition of 


degranulation 


T lymphocytes Reduction in the number of T 
lymphocytes and the production 


of cytokines 


Macrophages Reduced secretion of leukotrienes 


and prostaglandin 


Endothelial cells Reduction of the leak between cells 


Airway smooth muscle 
B,-adrenoceptors 


Increased agonist sensitivity, 
augmenting the effect of agonists; 
increase in receptor density and 
prevention of tachyphylaxis 


Mucous glands Reduced mucous secretion 


and interact with intracellular steroid receptors, influ- 
encing transcription of genes and protein synthesis. 
Steroid administration leads to reduced numbers of 
lymphocytes and eosinophils, reduced secretion of 
prostaglandins from macrophages and a reduction in 
endothelial permeability. Steroids also increase the sen- 
sitivity of B,-adrenoceptors to both endogenous and 
inhaled agonists and help prevent tachyphylaxis to ad- 
renoceptor agonists such as salbutamol. There is some 
evidence that high-dose inhaled steroids help to slow 
the airway remodelling that results from chronic in- 
flammation in asthma. Remodelling consists of airway 
smooth muscle hypertrophy, excess mucous glands and 
thickening of the basement membrane. It is thought to 
be one cause for the airway hyper-responsiveness that 
is characteristic of asthma. 


Indications. Inhaled steroids are used commonly in 
the management of chronic asthma to reduce the fre- 
quency of attacks. They are usually considered when 
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FIGURE 9.2 ™ Summary of the British Thoracic Society asthma management guidelines. (Adapted from British Thoracic Society 


Scottish Intercollegiate Guidelines Network (2011): British Guideline on the Management of Asthma.) 


patients require a B,-agonist more than twice a week, 
if symptoms disturb sleep more than once a week or if 
the patient has suffered exacerbations in the last 2 years 
which required a systemic corticosteroid. The addition 
of an inhaled steroid constitutes ‘Step 2’ of the British 
Thoracic Society (BTS) guidelines for the management 
of asthma (Fig. 9.2). Some patients with COPD may 
have steroid-responsive disease. Inhaled steroids are un- 
licensed for COPD but may be considered in patients 
with an FEV, <50% of predicted, or for patients hav- 
ing more than two acute exacerbations requiring oral 
steroids per year. Oral and intravenous steroids are use- 
ful in the management of acute asthma or COPD. They 
may also have a role in the treatment of sarcoidosis, 
interstitial lung disease and pulmonary eosinophilia. 


Route of Administration and Dose. The three most 
commonly used inhaled steroids are shown in Table 9.4. 
Standard doses are those used in Step 2 of the BTS 


TABLE 9.4 


Doses of Inhaled Steroids. Step 2 and Step 
4 Refer to British Thoracic Society Asthma 
Guidelines (Fig. 9.2) 


Standard (Step 2) High (Step 4) 
Steroid Dose Dose 


Beclometasone 100-400 ug twice 0.4-1.0 mg twice 


dipropionate daily daily 


Fluticasone 50-200 ug twice 200-500 ug twice 


dipropionate daily daily 


Mometasone 200 ug twice daily 400 ug twice daily 


furoate 


guidelines. If symptom control is still poor on Step 3 of 
the protocol (steroid+long acting [,-receptor agonist) 
then high-dose inhaled steroid constitutes Step 4. 
Systemic steroids are part of the standard treat- 
ment for acute asthma or COPD. In moderate acute 


attacks, prednisolone 40-50 mg per day may be given 
orally. In acute severe or acute life-threatening asthma, 
intravenous hydrocortisone 100mg every 6h may be 
required until oral prednisolone can be taken. Therapy 
is usually continued for 5-7 days. Long-term or high 
doses of steroids may cause adrenal suppression and 
if stopped abruptly may precipitate an Addisonian 
crisis. Courses of steroids lasting less than 3 weeks 
may usually be stopped abruptly without the risk of 
precipitating a crisis. Caution should be exercised in 
patients who have received repeated short courses, 
recently stopped long-term steroid therapy, those re- 
ceiving evening doses, or patients receiving >40 mg (or 
equivalent) of prednisolone per day. 


Adverse Effects. Steroids have many local and systemic 
side-effects which commonly limit their use. Inhaled 
drugs are less likely than oral or intravenous steroids 
to cause systemic side-effects but may cause local ir- 
ritation and predisposition to oral candidiasis. Some 
of the recognized side-effects of steroids are listed in 
Table 9.5. 


Other Drugs 
Sodium Cromoglicate 


This is a derivative of khellin, an Egyptian herbal 
remedy which was found to protect bronchi against 
allergens. The mechanism of action is not fully 


TABLE 9.5 


Common Adverse Effects of Steroids 


Local Effects (Inhaled Steroids) 
Hoarse voice 
Oral/pharyngeal candidiasis 


Throat irritation and cough 


Systemic Effects (from Inhaled or Systemic Steroids) 
Adrenergic suppression 
Fluid retention 
Hypertension 

Peptic ulceration 
Diabetes mellitus 
Increased appetite 
Weight gain 

Bruising and skin thinning 
Osteoporosis 

Cataracts 

Psychosis 
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understood but is thought to involve the stabilization 
of mast cell membranes. By blocking calcium chan- 
nels, the drug is able to prevent mast cell degranu- 
lation with its subsequent histamine release. It has 
traditionally been used in patients with asthma in 
whom exercise is a trigger. Exercise-induced asthma 
may, however, just be a marker of poorly controlled 
asthma. A 4—6 week trial is useful to assess respon- 
siveness. It is given by inhaler in a dose of 5-10 mg 
(1 or 2 puffs) four times a day. Side-effects are rare 
but include coughing, transient bronchospasm and 
throat irritation. Very rarely, angioedema may be 
precipitated. Sodium cromoglicate can also be used 
topically for allergic conjunctivitis and orally for the 
prevention of food allergy. 


Leukotriene Receptor Antagonists 


The leukotriene receptor antagonists are an additional 
therapy useful in the management of chronic asthma. 
They may be used in addition to, or in place of, a long 
acting f,-receptor agonist such as salmeterol in Step 3 
of the BTS guidelines (Fig. 9.2). There are two drugs 
in this class in common clinical use: montelukast 
and zafirlukast. They may be particularly beneficial 
in exercise-induced asthma and may also be used in 
patients with seasonal allergic rhinitis who have con- 
comitant asthma. Two oral drugs in this class are pre- 
scribed commonly; montelukast 10 mg is given once 
a day, usually in the evening, or zafirlukast 20 mg can 
be given twice a day. The most common adverse ef- 
fects are gastrointestinal upset and abdominal pain, 
with headache and insomnia also reported. These 
drugs have been associated rarely with the develop- 
ment of Churg-Strauss vasculitis and patients should 
be told to report any rash or worsening of pulmonary 
symptoms. 


Antihistamines 


Antihistamines are not used in the management of 
COPD or asthma but are used commonly for symp- 
tom control in hay fever and have a role in the man- 
agement of anaphylaxis. Antihistamines may be 
classified as sedating (older compounds which eas- 
ily cross the blood-brain barrier) and non-sedating 
(newer drugs which do not cross into the CNS). 
Indications for antihistamines include hay fever, ur- 
ticaria, insect bites, pruritus, nausea and anaphylaxis. 
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Many individual preparations exist but two of the 
most commonly used drugs are chlorphenamine 
(chlorpheniramine) and loratadine. Chlorphenamine 
is a sedating antihistamine given in a dose of 4 mg ev- 
ery 4-6h to a maximum of 24 mg daily. For anaphy- 
laxis, 10 mg can be given i.v. and may be repeated to 
a maximum of four doses daily. Loratadine is a non- 
sedating antihistamine taken as a 10-mg tablet once 
a day. Adverse effects from antihistamines are more 
commonly encountered with the older drugs and in- 
clude sedation, headache and antimuscarinic effects 
such as urinary retention and dry mouth. Other rare 
adverse effects include liver dysfunction and angle- 
closure glaucoma. 


DRUGS ACTING ON THE 
PULMONARY VASCULATURE 


Physiological control of pulmonary vascular tone 
is mediated by neural and humoral influences. 
Many of these control mechanisms have mixed ac- 
tions. Sympathetic nerves originating from T1-5 
release noradrenaline, causing vasoconstriction via 
a-receptors. Parasympathetic nerves from the vagus 
cause vasodilatation via the action of acetylcholine 
on M, receptors by a nitric oxide (NO) dependent 
mechanism. There are also non-adrenergic non- 
cholinergic (NANC) nerves which cause vasodilata- 
tion via NO release. Circulating catecholamines act 
on both a- and B,-receptors within the pulmonary 
vasculature, with the former vasoconstrictor effect 
predominating. Arachidonic acid metabolites such 
as thromboxane and most prostaglandins produce 
vasoconstriction. However, prostacyclin (PGI,) is a 
potent vasodilator. Other humoral influences include 
amines, peptides and nucleosides which have vari- 
able effects dependent upon resting vascular tone. 
Hypoxaemia and acidosis are well recognized to 
cause vasoconstriction and an increase in pulmonary 
vascular resistance. 

The main therapeutic benefit of modifying pulmo- 
nary vascular tone is in reducing pulmonary vascu- 
lar resistance (PVR) in disease states associated with 
pulmonary hypertension. Pulmonary hypertension is 
most commonly secondary to connective tissue disor- 
ders, chronic thrombotic disease, left heart failure or 
chronic hypoxaemia. It may rarely be due to idiopathic 
pulmonary arterial hypertension (IPAH), formerly 
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known as primary pulmonary hypertension. With the 
exception of chronic thrombotic disease which may be 
successfully treated with by pulmonary artery embo- 
lectomy and lifelong anticoagulation, the other causes 
of pulmonary hypertension are managed by long-term 
manipulation of pulmonary vascular resistance. 


Inhaled Agents 
Nitric Oxide 


Nitric oxide is a colourless and highly reactive gas, 
first studied by the English chemist Joseph Priestley 
in 1772. It is presented in grey/green cylinders, is 
highly lipid soluble, and easily crosses biological 
membranes. 


Indications. Inhaled nitric oxide may be used in the 
management of critically ill patients with pulmonary 
hypertension or severe V/Q mismatch. It may also 
form part of the management of persistent pulmo- 
nary hypertension of the newborn. Given as an in- 
haled preparation, it only vasodilates vessels close to 
well ventilated areas, thereby improving V/Q matching 
(Fig. 9.3). It has negligible systemic effects because of 
its rapid inactivation by haemoglobin after diffusing 
into the pulmonary circulation. 


Route of Administration and Dose. NO in nitrogen is 
available in concentrations between 400 and 1000 ppm. 
It is usually administered in doses between 20 and 
80ppm. Most studies suggest that the maximum ef- 
fect occurs at the lower end of this dose range and that 
higher doses risk toxicity. NO can be administered 
safely only to a patient whose trachea is intubated and 
whose lungs are ventilated using a closed circuit sys- 
tem. The usual apparatus for delivery involves placing 
an injector device in the inspiratory limb between the 
gas outlet of the ventilator and the humidifier. The de- 
vice detects gas flow going to the patient and injects 
an appropriate quantity of NO to achieve the desired 
inspired concentration. 


Adverse Effects. One of the risks of NO therapy is its 
oxidation to nitrogen dioxide (NO,). The rate of oxi- 
dation is directly proportional to the concentration 
of oxygen in the gas mixture, duration of mixing and 
the square of the concentration of NO. These higher 
oxides may react with water to form nitric and nitrous 
acids which can lead to lipid peroxidation, impaired 
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FIGURE 9.3 Ħ Schematic diagram of two alveoli represent- 
ing regions of lung with different V/Q ratios. (A) Normal 
situation - all areas ventilated and equally perfused. (B) A region 
of lung is not ventilated, e.g. due to pulmonary oedema. Hypoxic 
pulmonary vasoconstriction reduces blood flow through this 
lung region; blood flow to the area which is still ventilated is un- 
changed, and pulmonary vascular resistance may increase. (C) 
Inhaled nitric oxide (NO) therapy - the NO reaches blood vessels 
only in the ventilated areas of lung and so vasodilates only these 
areas, resulting in better matching of ventilation and perfusion 
and reduced pulmonary vascular resistance. 


mitochondrial function, prolonged bleeding time and 
mutagenesis. Therefore all delivery systems should 
measure levels of NO,. NO therapy, especially in 
the newborn, may lead to methaemoglobinaemia. All 


patients receiving NO should have the methaemoglo- 
bin concentration monitored by arterial blood gas 
analysis; concentrations greater than 2% should be 
avoided. Some patients may display a rebound phe- 
nomenon on withdrawal of NO therapy, with wors- 
ening hypoxaemia and increased pulmonary vascular 
resistance. For this reason, NO therapy should be re- 
duced gradually to allow endogenous production to 
restart. 


Hoprost 


Iloprost is a prostacyclin analogue which, unlike 
the parent drug, may be administered by nebulizer, 
avoiding the requirement for an indwelling tunnelled 
central venous catheter. Unfortunately, the drug has 
a short half-life, requiring administration 6—9 times 
daily. It is contraindicated in patients with unstable 
angina or those recovering from a recent myocardial 
infarction. 


Oral Agents 
Calcium Channel Antagonists 


These agents may be used in the 10% of patients who 
have pulmonary hypertension responsive to vasodila- 
tor agents at cardiac catheterization. They are inexpen- 
sive and widely available. These drugs have negative 
inotropic effects and should be used cautiously in pa- 
tients with severe right heart dysfunction. 


Endothelin Receptor Antagonists 


Endothelin is thought to play a role in the remodel- 
ling of pulmonary vessels which occurs in response 
to chronic hypoxaemia and leads to irreversible pul- 
monary hypertension. Endothelin antagonists such as 
bosentan prevent this remodelling by blocking the ac- 
tion of endothelin at ET, and ET, receptors. Bosentan 
is taken twice daily and liver function tests should be 
monitored monthly. 


Phosphodiesterase Inhibitors 


Sildenafil is an oral phosphodiesterase inhibitor bet- 
ter known as a treatment for erectile dysfunction. It 
is also effective when used to treat pulmonary arte- 
rial hypertension. Sildenafil inhibits the breakdown 
of secondary messengers cAMP and cGMP, leading 
to enhanced physiological vasodilatation. This class 
of drugs may also be administered by inhaled and 
intravenous routes. 
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Angiotensin-Converting Enzyme Inhibitors 


These drugs are useful in patients with pulmonary 
hypertension secondary to chronic lung disease. Both 
traditional ACE inhibitors and the newer angiotensin 
II receptor antagonists can be used to reduce pulmo- 
nary artery pressure. 


Intravenous Agents 
Epoprostanol 


Epoprostanol or prostacyclin has been shown to im- 
prove exercise tolerance and quality of life in patients 
with IPAH. Unfortunately, the drug has a short half-life 
of approximately 3 min and must therefore be admin- 
istered as a continuous i.v. infusion. In practice, this 
requires the patient to have an indwelling, tunnelled 
central venous catheter such as a Hickman line. These 
long-term catheters are associated with infection risks 
and body image issues. The treatment was originally 
designed as a bridge to lung transplantation but data 
suggest that use of the drug may be associated with a 
similar improvement in life expectancy as lung trans- 
plantation. Adverse effects include flushing, headache 
and hypotension. Epoprostanol is also used commonly 
as a platelet inhibitor in renal replacement therapy. 


DRUGS MODERATING 
VENTILATORY CONTROL 


Respiratory Stimulants 


Several classes of drug stimulate ventilation and may 
be used when ventilatory drive is inadequate. These 
agents increase respiratory drive through a variety of 
mechanisms. For example, strychnine blocks central 
inhibitory pathways, acetazolamide increases hydrogen 
ion concentration in the extracellular fluid around the 
respiratory centre and doxapram stimulates the respira- 
tory centre directly. Only doxapram is now used com- 
monly in clinical practice. Non-invasive ventilation 
(NIV) has now largely replaced respiratory stimulants 
in the management of respiratory failure. They may be 
used in the short-term if NIV is contraindicated or un- 
available. Stimulants should not be used if muscle fa- 
tigue is thought to be contributing to respiratory failure. 


Doxapram 


Doxapram is the only specific respiratory stimulant 
available for use in anaesthesia and critical care. 
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Indications. Doxapram is used mostly to reverse 
postoperative respiratory depression following gen- 
eral anaesthesia. It may rarely be used in the manage- 
ment of acute respiratory failure or exacerbations of 
COPD. It is also used off-licence in the treatment of 
neonatal apnoea. 


Route of Administration and Dose. When revers- 
ing postoperative respiratory depression, a dose of 
1-1.5mgkg™' is given intravenously over 30s and 
repeated if necessary after an hour. In exceptional 
cases, an intravenous infusion may be required. Up to 
4mgkg` may be used in the treatment of acute respi- 
ratory failure, alongside oxygen therapy and frequent 
blood gas monitoring. 


Adverse Effects. Intravenous injection of doxapram 
may cause perianal warmth, dizziness and sweating. 
The drug can lead to hypertension and tachycardia. It 
may rarely precipitate muscle fasciculation, laryngo- 
spasm, confusion and seizures. Administration should 
therefore be avoided in patients with uncontrolled hy- 
pertension, ischaemic heart disease or epilepsy. There 
is no role for doxapram in the management of laryn- 
gospasm or other causes of complete mechanical air- 
way obstruction. 


OXYGEN THERAPY 


Oxygen therapy may be regarded as a therapeutic 
intervention with indications, benefits and adverse 
effects. It is increasingly being considered to be a phar- 
macological agent or drug. Oxygen is a colourless, 
odourless gas which forms 20.93% (by volume) of the 
Earth’s atmosphere. It was first recognized as a distinct 
gas by Joseph Priestley in 1774 and was identified sub- 
sequently as the final universal oxidant in metabolic 
reactions. Atmospheric pressure at sea level is ap- 
proximately 100 kPa and the partial pressure of oxygen 
which we breathe in air at sea level is 21 kPa. Alveolar 
oxygen partial pressure is reduced to 14.7kPa by the 
addition of water vapour and carbon dioxide. Oxygen 
therapy is administered to hypoxaemic patients to in- 
crease alveolar oxygen partial pressure. The concen- 
tration of inspired oxygen administered depends on 
the condition being treated but should in most cases 
be titrated against either peripheral oxygen satura- 
tion or arterial oxygen tension. Administration of an 


excessive concentration of oxygen may be detrimen- 
tal and, rarely, fatal. In patients with type 2 respiratory 
failure who rely on a hypoxic drive to breathe, sudden 
increases in inspired oxygen concentration may lead 
to apnoea. 


Indications 


The clinical indications for oxygen therapy are too nu- 
merous to list but it is useful to consider the causes 
of tissue hypoxia. There are four main classes of tissue 
hypoxia and oxygen therapy is likely to be of greatest 
benefit in the first. 


1. Hypoxaemic hypoxia 
= reduced inspired partial pressure of oxygen, 
e.g. altitude 
= hypoventilation, e.g. caused by narcotics 
= diffusion impairment, e.g. pulmonary oedema 
= ventilation/perfusion mismatch or shunt, e.g. 
pulmonary embolus 
2. Anaemic hypoxia 
3. Ischaemic hypoxia 
m generalized ischaemia caused by inadequate 
cardiac output, e.g. hypovolaemia 
m local ischaemia and hypoxia, e.g. cerebral vas- 
cular accident 
4. Cytotoxic hypoxia 
= inhibition of the final oxidative pathway, e.g. 
cyanide poisoning 


Acute Oxygen Therapy 
High-Concentration Oxygen Therapy 


In most medical emergencies, oxygen therapy should 
be given quickly and in a high concentration because 
the avoidance of tissue hypoxia is of paramount im- 
portance. When managing patients with uncom- 
plicated pneumonia, pulmonary embolism, sepsis, 
shock, trauma or anaphylaxis, up to 60% oxygen may 
be delivered via a simple oxygen mask (e.g. Hudson 
mask). Therapy should be titrated against peripheral 
oxygen saturations and in most patients a saturation 
of 94-98% is adequate. If higher concentrations are 
required, up to 80% oxygen may be given via a non- 
rebreathing or trauma mask in spontaneously breath- 
ing patients. During the management of cardiac arrest, 
100% oxygen may be delivered via a closed circuit to an 
intubated patient. In severe carbon monoxide poison- 
ing, hyperbaric oxygen therapy (HBOT) may be used 
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to increase the partial pressure of alveolar oxygen to 
>100kPa. 


Low-Concentration Oxygen Therapy 


Low-concentration or controlled oxygen therapy is 
reserved for patients at risk of type 2 (hypercapnic) re- 
spiratory failure who may be harmed by uncontrolled 
high concentrations of oxygen. Patients with severe 
COPD, bronchiectasis, cystic fibrosis, severe kypho- 
scoliosis or ankylosing spondylitis are included in this 
group, as are patients with chronic musculoskeletal 
weakness on home ventilation therapy. Each case must 
be considered in the light of clinical findings but, as a 
general rule, oxygen therapy should be started at 24 or 
28% and gradually titrated against oxygen saturation 
(SpO,) or preferably arterial oxygen tension. An SpO, 
of 88-92% is often acceptable in these patients and 
may avoid pronounced hypercapnia and respiratory 
arrest. Patients are advised to carry an ‘oxygen alert 
card’ (Fig. 9.4) which, together with previous blood 
gas analysis results, may help to guide therapy. 


Prescribing 


The British Thoracic Society recommended in its 
2008 publication ‘Guideline for Emergency Oxygen 
Use in Adult Patients’ that oxygen therapy should be 
prescribed by a doctor in common with other medi- 
cal drugs. Both under-administration (e.g. postop- 
eratively) and over-administration (e.g. in the COPD 
patient) of oxygen can cause harm. A prescription 
which includes target peripheral oxygen saturation 
(as described above) allows nursing staff to titrate the 
inspired oxygen concentration via various devices to 


Oxygen alert card 


Name: 


| am at risk of type II respiratory failure with a raised CO% level. 


Please use my % Venturi mask to achieve an 


oxygen saturation of % to % during exacerbations 


Use compressed air to drive nebulizers (with nasal oxygen at 2 | min~) 
If compressed air not available, limit oxygen-driven nebulizers to 6 minutes. 


FIGURE 9.4 ™ An oxygen alert card which may be carried 
by a patient who is known to be vulnerable to the respiratory 
depressant effects of inhaled oxygen therapy. (Adapted from 
O’Driscoll, Howard and Davison (2008) BTS guideline for emergency 
oxygen use in adult patients. Thorax 63: Suppl 6.) 


166 9 


achieve a measurable therapeutic end-point. The pre- 
scription should be signed when appropriate titration 
has occurred. Specialist prescription charts have im- 
proved patient safety with drugs such as theophylline 
and heparin, which require special monitoring; many 
centres are now introducing a similar chart with useful 
guidelines and flow charts for titrated oxygen therapy. 


Long-Term Oxygen Therapy 


Domiciliary or long-term oxygen therapy (LTOT) is 
prescribed for patients with severe COPD or a small 
number of other pulmonary diseases which lead to 
chronic hypoxaemia. Two studies in the 1980s sug- 
gested that using oxygen continuously for at least 
15h per day reduced mortality in patients with se- 
vere COPD. Other benefits of LTOT include a sta- 
bilization or small reduction in pulmonary arterial 
pressure, reduced polycythaemia and improved ex- 
ercise tolerance. Some studies have shown that LTOT 
leads to an improved quality of life. The indications 
for LTOT are based on arterial oxygen tension mea- 
sured by arterial blood gas analysis on two separate 
occasions, three weeks apart and at least four weeks 
after an acute exacerbation. COPD patients with a 
PaO, <7.3kPa or a PaO, <8.0kPa with secondary 
polycythaemia, peripheral oedema or pulmonary 
hypertension should be considered for home oxy- 
gen. Other conditions for which LTOT is consid- 
ered, depending on the PaO,, include pulmonary 
hypertension, cystic fibrosis, interstitial lung disease, 
chronic asthma and heart failure. Oxygen is usu- 
ally prescribed at 2 or 4L min"! and can be supplied 
from either cylinders or an oxygen concentrator. 
Concentrators are provided for patients using oxy- 
gen for more than 8 h a day or consuming more than 
21 cylinders a month. The oxygen is usually deliv- 
ered via nasal cannulae, allowing the patient to talk, 
eat and drink. The patient should be advised to stop 
smoking and all smoking cessation therapy options 
should be explored. The prescriber should request 
the patient’s permission to pass their details on to 
the local fire brigade. Ambulatory oxygen may also 
be provided for LTOT patients who frequently travel 
or spend nights away from home. The benefits of 
ambulatory oxygen therapy include improved com- 
pliance with LTOT (aiming for a minimum of 15h 
per day) and increased exercise capacity. 


DRUGS ACTING ON THE RESPIRATORY SYSTEM 


Oxygen Toxicity 


Oxygen, an element essential to life, may under certain 
circumstances produce toxic effects. Breathing high 
concentrations of oxygen at atmospheric pressure may 
lead to pulmonary toxicity. After inspiring 100% oxy- 
gen for as little as 12h, healthy subjects have reported 
retrosternal discomfort, coughing and the urge to 
breathe deeply. Tracheobronchitis quickly supervenes 
and continued oxygen exposure may lead to neutro- 
phil recruitment, impairment of surfactant and acute 
lung injury (ALI). Exposure to high concentrations of 
oxygen for a week may lead to pulmonary fibrosis. This 
process occurs at much lower oxygen concentrations in 
patients taking some chemotherapeutic agents. Cancer 
patients recently treated with bleomycin or mitomycin 
C may develop accelerated ALI and respiratory failure 
after exposure to only 40-50% oxygen. Neonates are 
also thought to be particularly sensitive to the damag- 
ing effects of hyperoxia. Babies are at risk of develop- 
ing retrolental fibroplasias if the eyes are exposed to 
a PO, >10.6kPa for longer than 3h while under the 
age of 44 post-conceptual weeks. Hyperbaric condi- 
tions may cause pulmonary, optic and central nervous 
system toxicity. Oxygen at 2 bar causes a decrease in vi- 
tal capacity of healthy volunteers after only 8h, which 
persists after exposure has ceased. Hyperbaric oxygen 
causes narrowing of the visual fields and myopia in 
adults. Eventually, symptoms and signs of central ner- 
vous system toxicity ensue with nausea, facial twitch- 
ing, olfactory/gustatory disturbances and ultimately 
tonic-clonic seizures. The underlying pathophysiology 
of toxicity is not well understood but may involve reac- 
tive oxygen species such as singlet oxygen interfering 
with enzyme systems containing sulphydryl groups. 


DRUGS AFFECTING MUCOCILIARY 
FUNCTION 


The mucous found in the airways is a non-homoge- 
neous viscoelastic substance consisting of two phases 
separated by a thin film of surfactant. A superficial gel- 
like layer lies on a more liquid or aqueous layer in con- 
tact with the epithelial cells. Secretions from goblet cells 
and bronchial glands maintain the normal airway sur- 
face liquid (ASL). Goblet cells secrete mucopolysaccha- 
rides which form the gel-like layer and are stimulated 
by irritant factors. Epithelial cells and bronchial glands 


secrete the low-viscosity aqueous layer and are under 
vagal control. Two mechanisms exist to clear mucous 
from the respiratory tract: mucociliary clearance and 
cough clearance. The former is the dominant mecha- 
nism in health and relies on the forward propulsion 
of the gel layer on the aqueous layer by epithelial cell 
cilia. The efficiency of mucociliary clearance is affected 
by ciliary and ASL factors. Ciliary factors include beat 
frequency, amplitude and cilia spacing, while ASL fac- 
tors include the depth of both layers of ASL, and the 
elasticity of the gel layer. Optimal aqueous layer depth 
is essential to ensure that the tips of the cilia interact 
with the gel layer only on their forward stroke. Cough 
clearance becomes more important in various disease 
states associated with impaired mucociliary clearance 
such as cystic fibrosis. A high-velocity interaction at 
the air—mucous layer boundary causes wave formation 
in the mucous layer, leading to forward propulsion. 
Many physical factors influence mucociliary function 
(Table 9.6) and several pharmacological agents have 
been developed to optimise sputum clearance. 


Mucolytics 
N-Acetylcysteine Derivatives 


N-Acetylcysteine (NAC) is a cysteine derivative used 
commonly as a mucolytic. It is thought to induce 
physical changes in the structure of glycoproteins 


TABLE 9.6 


Factors Affecting Mucociliary Function 


Factors that Depress Mucociliary Function: 
Extremes of temperature 

Acidic environment 

Smoking 

Dehydration 

Alcohol 

Anaesthetics 

Dry Gases 


Factors that Optimize Mucociliary Function: 
Temperature range 29-34 °C 

Hydration 

Humidification 
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present in mucous. It reduces the disulfide bond (S-S) 
to a sulphydryl bond (-SH) which discourages cross- 
linking, thereby reducing the viscosity of the mucous. 
It may be used in patients with COPD or bronchiecta- 
sis, including patients with cystic fibrosis, to reduce the 
viscosity of sputum. Carbocisteine is an oral derivative 
of NAC; 2.25 g may be taken initially, reducing to 1.5g 
daily as symptoms improve. Nacystelyn is an inhaled 
lysine derivative of NAC which has been shown to re- 
duce the viscoelasticity of mucus in patients with cys- 
tic fibrosis. Adverse effects of NAC derivatives include 
gastric erosion and bleeding secondary to disruption 
of the normal gastric mucosal barrier. 


Dornase Alfa 


High concentrations of undegraded DNA have been 
found in abnormally viscous sputum associated with 
poor sputum clearance. Dornase alfa is a genetically 
engineered version of a naturally occurring enzyme 
which is capable of cleaving DNA into smaller frag- 
ments. It acts only on extracellular DNA. The enzyme 
has an established role in the management of cystic fi- 
brosis. Administration to cystic fibrosis patients with 
stable lung disease has been shown to improve FEV, by 
5-7% and decrease the frequency of acute exacerba- 
tions. The dose is 2500 units or 2.5 mg by jet nebulizer 
once a day. Side-effects may include voice changes, la- 
ryngitis and chest pain. 


Hypertonic Saline 


Nebulized hypertonic saline has two mechanisms 
of action as a mucolytic. It disrupts the ionic bonds 
within the gel phase, reducing cross-linking and there- 
fore mucous viscosity. It also causes water to shift from 
inside to outside the epithelial cells of the respiratory 
tract, thereby increasing the water content of the mu- 
cous. Hypertonic saline is used in patients with cystic 
fibrosis to enhance the removal of sputum and secre- 
tions. The usual dose is 4mL of 6% sodium chloride 
nebulized twice a day. Excessive administration, es- 
pecially in patients with renal impairment, may cause 
hypernatraemia. 


DRUG CONSIDERATIONS 
IN PATIENTS WITH RENAL 
DYSFUNCTION 


Influence of Renal Disease on 
Pharmacokinetics 


Renal disease may affect drug pharmacokinetics 
through several mechanisms, especially effects on 
drug binding, distribution and elimination. Acidic 
drugs bind mainly to albumin. In renal failure, a de- 
crease in serum albumin, an increase in serum urea, 
and the competition of endogenous substrates and 
drug metabolites for plasma protein binding sites 
lead to a decrease in the plasma protein binding of 
drugs. Highly protein-bound drugs have an increased 
unbound, active, free fraction. Under these circum- 
stances, there may be an increase in the volume of 
distribution. Drugs are metabolized in the liver to 
water-soluble, inactive metabolites. Although uraemia 
has an effect on the intermediary metabolism of the 
liver, it does not seem to affect hepatic drug metabo- 
lism in humans. 

The duration of action of most drugs administered 
by bolus or short-term infusion is dependent on re- 
distribution and not elimination. It is usually not ne- 
cessary to decrease the initial loading dose in patients 
with renal dysfunction, but subsequent maintenance 
doses may cause drug accumulation and should be 
reduced appropriately. The inactive water-soluble me- 
tabolites of drugs are eliminated by passive filtration 
at the glomerulus. A reduction in glomerular filtration 
in renal disease patients may lead to accumulation of 
these metabolites. 
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DRUGS USED IN 
RENAL DISEASE 


Influence of Drugs on Renal Function 


All anaesthetic agents may cause a generalized depres- 
sion of renal function which is transient and clinically 
insignificant. However, nephrotoxic drugs can impair 
renal function permanently. For example, they may 
lead to severe sodium and water depletion, reduction 
in renal blood supply, direct renal damage or renal 
obstruction (Table 10.1). Some drugs impair renal 
function by more than one mechanism. 

Some of the fluorinated inhalation agents have 
well-recognized nephrotoxic effects, because they in- 
crease the serum inorganic fluoride concentration. 
Prolonged exposure of the renal tubules to fluoride 
ions impairs their ability to concentrate urine, lead- 
ing to dehydration, hypernatraemia and increased 
plasma osmolarity. Experience with methoxyflurane 
(no longer in clinical use) has suggested that a plasma 
fluoride level of 50 umol L~ is potentially nephrotoxic. 
Although halothane and isoflurane do not seem to 
have a significant effect, prolonged administration of 
enflurane may lead to potentially nephrotoxic fluoride 
ion concentrations. 

Sevoflurane undergoes approximately 5% metabo- 
lism and one of the primary metabolites is fluoride. 
There were initial concerns that sevoflurane may be 
similar to methoxyflurane and impair the ability of 
the kidneys to concentrate urine. However, after sevo- 
flurane administration is stopped, there is a rapid de- 
crease in plasma fluoride concentration because of its 
insolubility and rapid pulmonary elimination. Also, 
the metabolic production of fluoride within the kid- 
ney is much less with sevoflurane than with methoxy- 
flurane. Though it would appear that sevoflurane 


TABLE 10.1 


Mechanisms of Drug-Induced Renal Damage 


Sodium and water depletion 


Reduced renal perfusion 


Direct renal toxicity 


Urinary obstruction 


renal toxicity is not a problem in clinical practice, 
prolonged administration of sevoflurane is not rec- 
ommended in patients with significantly impaired 
renal function. 

Aprotinin is a serine-protease inhibitor and an anti- 
fibrinolytic agent occasionally administered during 
major surgery to improve haemostasis. It undergoes 
active reabsorption by the proximal tubules and is me- 
tabolized by enzymes in the kidney. There is some con- 
troversy about its effect on renal function. Although 
some studies have shown a low incidence of reversible 
renal dysfunction, others have shown changes in bio- 
chemical markers of tubular damage without evidence 
of renal impairment. 

Other drugs with potential for impairing renal 
function include aminoglycosides, NSAIDs, radio- 
contrast agents and various chemotherapeutic drugs. 
The potential for renal damage with these drugs is in- 
creased in the presence of hypovolaemia, dehydration 
and sepsis. 

Several drugs have been investigated for protec- 
tion against renal damage or dysfunction in patients 
at risk, for example those undergoing cardiac or aortic 
surgery, or ICU patients with sepsis. However, there 
is little convincing evidence that any specific drug ef- 
fectively prevents perioperative renal dysfunction, and 
some of the drugs used may be harmful. These are dis- 
cussed below. 


VASOACTIVE DRUGS USED IN 
RENAL DYSFUNCTION 


Dopamine 


Dopamine isan endogenous catecholamine precursor of 
noradrenaline and adrenaline, and is a neurotransmitter 
in its own right. It has complicated dose-dependent 
pharmacodynamic effects, including positive ino- 
tropy, chronotropy, vasoconstriction, and renal and 
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splanchnic vasodilatation. Dopamine is inactive orally 
and has to be administered as an intravenous infu- 
sion, because it is metabolized within minutes by the 
enzymes dopamine B-hydroxylase and monoamine 
oxidase (t,, <2 min). Dopamine must be diluted before 
infusion. 


1/2 


Mechanism of Action 


Dopamine acts on dopaminergic and adrenergic 
receptors in a dose-related fashion. Dopaminergic 
receptors are present in various sites in the body and 
have been classified into five subtypes. The two most 
important receptors in the peripheral cardiovascular 
and renal systems are DA, and DA.. 

The infusion of relatively low doses (<2 ugkg' mir’) 
of dopamine activates postsynaptic DA, receptors in 
splanchnic blood vessels and the renal tubules. Stimulation 
leads to vasodilatation and increases cortical renal blood 
flow, glomerular filtration rate (GFR), sodium excretion 
and urine output. There is also an increase in mesenteric 
blood flow. Activation of presynaptic DA, receptors de- 
creases intrarenal noradrenaline release, which leads to 
vasodilatation. It also causes inhibition of aldosterone 
secretion from the adrenal glands and a consequent de- 
crease in sodium reabsorption. Theoretically, this should 
decrease renal oxygen consumption and improve the re- 
nal oxygen supply/demand relationship. At low infusion 
rates there is little change in cardiac output or heart rate. 
A reduction in arterial pressure may occur because of in- 
hibition of the sympathetic nervous system by stimulation 
of the DA, receptors, and by DA -induced vasodilatation. 

Increased infusion rates (2-5 ugkg' min“) stimu- 
late cardiac B,- and B,-adrenergic receptors, which 
causes an increase in myocardial contractility, stroke 
volume and cardiac output. At this infusion rate, the 
heart rate usually does not change. 

Higher doses of dopamine (>10pgkg' min) lead 
to stimulation of the a-adrenergic receptors, causing 
vasoconstriction, an increase in peripheral vascular resis- 
tance and decreases in renal and splanchnic blood flow. 

The dopamine infusion rates given above are guide- 
lines and there is considerable intra- and inter-patient 
variation. The maximum dose at which dopamine af- 
fects only dopamine receptors is debatable. In addition, 
up- and downregulation of receptors occurs so the ap- 
propriate dose for a required effect may vary from hour 
to hour and doses must be individually titrated. 
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Clinical Uses 


Dopamine has been used widely in ICU and surgical 
patients at risk of renal dysfunction, because of its 
effects on renal blood flow, diuretic and natriuretic 
effects and also because urine output is used as a sur- 
rogate marker of tissue perfusion. However, clinical 
studies have not demonstrated any benefit of ‘low- 
dose’ dopamine for the prevention and treatment of 
acute kidney injury in critically ill or surgical patients. 
In fact, it reduces regional redistribution of blood flow 
within the kidney by shunting blood away from the 
outer medulla to the cortex. This is potentially det- 
rimental in acute kidney injury given that the outer 
medulla is very susceptible to ischaemic injury. 

The use of higher doses of dopamine as a positive 
inotrope during cardiac failure, or a vasopressor dur- 
ing hypotension, is well established. Under these cir- 
cumstances, it probably has a beneficial effect on renal 
function, but it is important to ensure that there is an 
adequate circulating blood volume. 


Side-Effects 

Side-effects of dopamine include tachyarrhythmias, 
vasoconstriction with acute hypertension, and nausea 
and vomiting because of a direct effect on receptors 
within the chemoreceptor trigger zone. Intravenous 
administration of dopamine does not result in central 
nervous system effects as dopamine does not cross the 
blood-brain barrier. Other potentially detrimental 
effects of low-dose dopamine in the critically ill patient 
include the following. 


= A decrease in splanchnic oxygen consumption in 
septic patients despite an increase in splanchnic 
blood flow 

= A possible decrease in gastric motility compro- 
mising gastric feeding and absorption 

= Impairment of regional ventilation-perfusion 
matching of the lung and the ventilatory drive in 
response to hypoxaemia and hypercapnia 

= Reduced output of anterior pituitary hormones 
including prolactin, growth hormone, TSH and 
thyroid hormones 

m Ideally, dopamine should be administered 
through a central venous catheter because ex- 
travasation may cause sloughing and necrosis of 
local surrounding tissues. 


Dopexamine 


Dopexamine is a synthetic catecholamine with 
structural and pharmacological similarities to dopa- 
mine; it is used for its increase in cardiac output and 
renal and splanchnic vasodilator effects. It is inactive 
orally and, because of its short half-life (~ 6 min), it 
is administered i.v. as an infusion. Infusion rate starts 
at 0.5ugke"' min" and is titrated to a therapeutic re- 
sponse (up to 6 gkg“ min“). Tolerance can occur and 
is usually associated with receptor downregulation. It 
is metabolized by the recognized pathways for all the 
catecholamines. 

Dopexamine is an agonist at vascular and renal 
dopaminergic DA, and DA, receptors. It also stimu- 
lates cardiac and vascular B,-receptors, and has a 
limited indirect B, effect. It therefore combines vaso- 
dilator, chronotropic and mild inotropic activity and 
is used in low cardiac output states where specific re- 
nal and hepatosplanchnic vasodilatation is considered 
beneficial. The heart rate is increased in a dose-related 
manner and it produces a natriuresis and diuresis. The 
protective effect of dopexamine on the kidneys is theo- 
retical and an effect on outcome still has to be proven. 

The most common side-effect is a tachycardia and 
ventricular ectopic beats when higher doses are used. 
Nausea and vomiting, probably caused by stimulation 
of DA, receptors in the chemoreceptor trigger zone, 
have been reported. 


Fenoldopam 


Fenoldopam is a selective DA, agonist. It may be ad- 
ministered orally or intravenously and has been used 
for the management of congestive cardiac failure, hy- 
pertension and renal protection after cardiac surgery, 
though current data are inconclusive. Its effects are 
slightly different to dopamine because of its DA, se- 
lectivity: fenoldopam may preferentially increase flow 
to the outer renal medulla, but it may also have anti- 
inflammatory effects. 


Adenosine 


Adenosine is a natural purine and is an important 
mediator in the control of renal blood flow and glo- 
merular filtration. After iv. administration it causes 
peripheral vasodilatation and decreased arterial pres- 
sure. Adenosine-induced arterial hypotension inhib- 
its renin release by the juxtaglomerular cells and has 


an interesting effect on the renal vasculature, causing 
transient vasoconstriction of the afferent arterioles, 
combined with vasodilatation of the efferent arteri- 
oles. This results in decreases in renal blood flow and 
glomerular filtration pressure and rate. Adenosine Al 
receptor antagonists increase GFR, urine production 
and sodium excretion without immediate effects on 
cardiac haemodynamics, and are being investigated for 
use in heart failure. 

Adenosine also slows the heart rate and impairs 
atrioventricular conduction and is used in the treat- 
ment of supraventricular tachycardias (Ch 47). 


Calcium Channel Blockers 


Calcium channel blockers (CCBs) (Ch 8) are predomi- 
nantly used in the treatment of hypertension. They act 
selectively on calcium channels in the cellular mem- 
brane of cardiac and vascular smooth muscle (VSM) 
cells. Free calcium within the VSM enhances vascular 
tone and contributes to vasoconstriction. CCBs reduce 
the transmembrane calcium influx in VSM cells, caus- 
ing vasodilatation. In addition, CCBs have a direct 
diuretic effect that contributes to their long-term anti- 
hypertensive action. Nifedipine increases the urine 
volume and sodium excretion, and may inhibit aldo- 
sterone release. This diuretic action is independent of 
any change in renal blood flow or GFR. 

Because of their vasodilator effects, CCBs are used 
in the management of conditions associated with 
pathological vasoconstriction, such as Prinzmetal’s 
angina, migraine and Raynaud’s disease. 

In addition to renal vasodilatation, CCBs decrease 
calcium influx and production of oxygen free radicals 
in renal ischaemia. They therefore have theoretical 
benefits in patients undergoing renal transplantation. 
In transplant recipients, CCBs have been shown to 
improve intrarenal circulation, decrease the incidence 
of post-transplant acute tubular necrosis, and they 
may reduce the vasoconstrictive action of ciclosporin. 
However, despite these apparent benefits, CCBs have 
failed to improve graft survival. They may also cause 
hypotension and thereby decrease renal perfusion and 
there is no good clinical evidence that they have signifi- 
cant renal protective effects. CCBs may also enhance the 
effects of depolarizing and non-depolarizing neuro- 
muscular blocking agents and this combination should 
be used with caution in patients with renal dysfunction. 
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Angiotensin-Converting Enzyme (ACE) 
Inhibitors 


Most patients with heart failure and many with 
hypertension have increased activity of the renin- 
angiotensin—aldosterone system (RAAS). This leads 
to increased systemic vascular resistance, further de- 
creases in cardiac output and renal perfusion, and 
more sodium and fluid retention. These patients are 
often receiving diuretics, which in itself triggers the 
RAAS. Angiotensin-converting enzyme (ACE) inhibi- 
tors (e.g. captopril, enalapril, lisinopril) are being used 
increasingly in this scenario, in place of, or in combi- 
nation with, diuretics. 

ACE inhibitors have a much greater affinity for 
the active site on the ACE than the natural substrate, 
angiotensin I. Consequently, the conversion of angio- 
tensin I to angiotensin II is blocked. ACE is also re- 
sponsible for the breakdown of bradykinin, a potent 
vasodilator. Therefore, ACE inhibitors lead not only 
to vasodilatation but, because of the decreases in al- 
dosterone formation and sodium re-uptake, also have 
an indirect potassium-retaining diuretic effect. The 
combination of ACE inhibitors and the potassium- 
saving diuretics should be avoided because of the risk 
of hyperkalaemia. 

Angiotensin II is important for the maintenance of 
an adequate glomerular filtration pressure in patients 
with decreased renal perfusion. In the presence of re- 
nal artery stenosis, the use of ACE inhibitors may lead 
to an impairment of renal function by decreasing renal 
perfusion pressure, caused by the decrease in arterial 
pressure together with dilatation of the efferent arte- 
riole of the glomerulus. Underlying renal impairment 
should therefore always be excluded before using ACE 
inhibitors, and patients receiving these agents should 
be monitored carefully. 


Noradrenaline/Adrenaline/Phenylephrine 


Although noradrenaline and adrenaline also have 
B-receptor effects, all three of these drugs are very 
potent vasoconstrictors acting on the vascular a- 
receptors (Ch 8). Their use is often accompanied by 
fear of inducing decreases in renal blood flow, GFR 
and renal function. 

The efferent arterioles are the major sites of flow re- 
sistance in the kidney and determine renal blood flow, 
perfusion pressure and GFR. In hypotension or septic 
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shock, restoring the perfusion pressure of the kidney is 
of the utmost importance. An infusion of one of these 
vasoconstrictors may improve renal perfusion pres- 
sure, provided fluid resuscitation has been adequate. 
In septic shock, noradrenaline is preferred. 


Antidiuretic Hormone (Vasopressin) 
and Desmopressin (DDAVP) 


Antidiuretic hormone (ADH) is a naturally occurring 
hormone, produced in the hypothalamus, transported 
by nerve axons down to the posterior pituitary gland 
and thence secreted into the blood. The release of 
ADH is regulated by the osmolarity of the extracellu- 
lar body fluids, changes in arterial pressure and intra- 
vascular volume, and the sympathetic nervous system. 
An increase in blood osmolarity and hypovolaemia 
stimulate the hypothalamic osmoreceptors and arter- 
ial baroreceptors as part of the stress response. ADH is 
released and acts primarily on receptors in the distal 
convoluted tubule and collecting ducts of the neph- 
ron to increase free water reabsorption and restore the 
plasma volume. The presence or absence of ADH de- 
termines to a large extent whether the kidney excretes a 
dilute or a concentrated urine. ADH is also termed va- 
sopressin, because it has a very potent vasoconstrictor 
effect, even more powerful than that of angiotensin. 

Vasopressin decreases splanchnic and renal blood 
flow and is sometimes used to treat bleeding oesopha- 
geal varices. There is some evidence that vasopressin 
may reduce progression to renal failure and mortality 
in ICU patients with septic shock. 

Desmopressin (DDAVP, 1-desamino-8-p-arginine 
vasopressin) is a synthetic form of vasopressin that 
does not cause vasoconstriction. It is used in cases of 
central diabetes insipidus (i.e. spontaneous diuresis 
with a urine osmolarity <200 mosm L~). 

DDAVP also has an influence on the coagul- 
ation system by increasing factor VIII von Willebrand 
(VIILvWEF), factor VIII coagulant (VII:C), and factor 
Vil-related antigen (VIIr:Ag) activity by stimulating 
their release from the storage sites. A dose of 0.3 ug kg" 
is often used in the treatment of haemorrhage in 
haemophiliacs. 

Platelet dysfunction often occurs in renal disease 
when plasma urea concentrations are high. The in- 
crease in bleeding time (>15 min), despite a normal 
platelet count (>100x10° L7), can be corrected before 


major surgery. The most appropriate treatment cur- 
rently is the administration of DDAVP in the same 
dose as above. It has also been used prophylactically to 
reduce bleeding after cardiac surgery. 

DDAVP cannot be used repeatedly because the en- 
dothelial storage sites of factor VIII:C become depleted, 
resulting in tachyphylaxis. Because it also seems to re- 
lease tissue plasminogen activator, DDAVP enhances 
fibrinolysis and the simultaneous use of an antifibri- 
nolytic agent has to be considered. Although vasopres- 
sin is a vasoconstrictor, rapid injection of DDAVP may 
cause acute hypotension as a result of vasodilatation. 


DIURETICS 


Diuretics increase the excretion of both water and so- 
dium. They are widely prescribed for hypertension, 
heart failure and clinical situations associated with 
fluid overload. When used on a long-term basis, they 
not only change the body’s sodium and fluid balance, 
but also act as mild vasodilators. When diuretics are 
prescribed for the treatment of fluid retention and 
oedema, three important principles have to be kept in 
mind. First, although a dramatic diuretic response may 
be required in pulmonary oedema and acute cardiac 
failure, a mild sustained diuresis is more appropriate 
in the majority of patients and will reduce any adverse 
effects. Second, plasma potassium concentration and 
hydration status must always be monitored. Third, di- 
uretic therapy only treats the symptoms and does not 
influence the underlying cause or change the outcome 
of a patient with oedema. 

Some diuretic drugs have other potentially ben- 
eficial effects, e.g. reduction of renal tubular oxygen 
consumption and theoretical improvements in renal 
blood flow. In acute kidney injury (AKI), they may 
increase flow of solute through injured renal tubules, 
theoretically help maintain tubular patency and de- 
crease tubular back-leak. It has also been believed that 
the prognosis of oliguric AKI is worse than non-oli- 
guric AKI. For these reasons, diuretics have been used 
in the management of the oliguria in surgical patients 
or the critically ill, but studies have shown no clinical 
benefit. There is also no clear evidence that polyuric 
renal dysfunction has a better outcome than oliguric 
renal failure. Furthermore, the use of diuretics in oli- 
guric patients may have adverse effects. These include 


adverse effects on distribution of intrarenal blood flow 
and inhibition of important feedback mechanisms; 
reduced circulating volume and renal perfusion pres- 
sure, with subsequent activation of the RAAS; and by 
maintaining urine flow, the clinician may delay the 
correction of hypovolaemia or optimization of cardiac 
output. 

Diuretics are classified according to their mechanism 
and site of action on the nephron (see Fig. 10.1): 


m glomerulus and proximal renal tubule — e.g. os- 
motic diuretics, carbonic anhydrase inhibitors 

m ascending limb of the loop of Henle — e.g. loop 
diuretics 

m distal tubule — e.g. thiazides, potassium-sparing 
diuretics 

m collecting ducts — e.g. aldosterone antagonists. 
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Carbonic Anhydrase Inhibitors 
Acetazolamide 


Acetazolamide is well absorbed, not metabolized, but 
excreted almost unchanged by the kidney within 24h. 
Toxicity is very rare. 

Acetazolamide is a carbonic anhydrase inhibitor. 
Under normal physiological conditions, the enzyme 
carbonic anhydrase is responsible for reabsorption of 
sodium and excretion of hydrogen ions in the proxi- 
mal convoluted tubule of the nephron. Inhibition of 
carbonic anhydrase decreases hydrogen ion excretion 
and therefore sodium and bicarbonate ions stay in the 
renal tubule. This results in the production of alkaline 
urine with a high sodium bicarbonate content; the in- 
creased sodium excretion leads to a modest diuresis. 
Chloride ions are retained instead of bicarbonate to 
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maintain an ionic balance. All these changes result in a 
hyperchloraemic metabolic acidosis. 

Carbonic anhydrase inhibitors are seldom used as 
primary diuretics because of their weak diuretic effect. 
They may be used in the management of salicylate 
overdose to produce an alkaline diuresis as this in- 
creases the urinary elimination of weak acids. The 
most common use of acetazolamide is to reduce the 
intraocular pressure of glaucoma patients. The inhibi- 
tion of carbonic anhydrase results in a decreased for- 
mation of ocular aqueous humour and cerebrospinal 
fluid. It is also valuable in the prevention and man- 
agement of acute mountain sickness. When used in 
patients with familial periodic paralysis, the metabolic 
acidosis increases the potassium concentration in the 
skeletal muscles and improves symptoms. 


Osmotic Diuretics 
Mannitol 


Mannitol is an alcohol produced by the reduction of 
mannose. It is absorbed unreliably from the gastro- 
intestinal tract and therefore has to be given by i.v. 
injection; doses of 0.25-1gkg™ are used. Initially it 
stays within the intravascular space but is then slowly 
redistributed into the extravascular compartment. 
Mannitol does not undergo metabolism and is ex- 
creted unchanged through the kidneys. 

Mannitol expands the intravascular volume and 
then undergoes free glomerular filtration with almost 
no reabsorption in the proximal tubule. It also de- 
creases the energy-consuming process of sodium and 
water reabsorption in the proximal tubule. This leads 
to an osmotic force that retains water and sodium in 
the tubule with a consequent osmotic diuresis, i.e. in- 
creased urinary excretion of sodium, water, bicarbon- 
ate and chloride. Mannitol does not alter urinary pH. 
The raised renal blood flow reduces the rate of renin 
secretion which decreases the urine-concentrating ca- 
pacity of the kidney. 

Mannitol has often been used prophylactically 
to protect the kidneys against an ischaemic incident 
(e.g. cardiopulmonary bypass, aortic cross-clamping 
or hypotensive episodes) and subsequent acute renal 
failure. Its theoretical effects include reduced proxi- 
mal tubular oxygen demand, scavenging of oxygen 
free radicals, reduced tubular endothelial cell swell- 
ing and increased tubular flow which might maintain 


tubular patency after ischaemic injury. However, there 
is no convincing evidence of a renal protective effect 
of mannitol in clinical practice. There is also little evi- 
dence that conversion from oliguric to non-oliguric 
renal failure decreases the mortality rate in critically ill 
patients. Nevertheless, mannitol is still used during re- 
nal transplantation to help ‘preserve’ the donor kidney. 
Anaesthetists often administer mannitol to reduce 
intracranial pressure (Ch 32) and intraocular pressure. 
Mannitol may precipitate pulmonary oedema 
in patients with compromised cardiac function. 
Occasionally, it may cause hypersensitivity reactions. If 
the blood-brain barrier is not intact after a head injury 
or neurosurgery, mannitol may enter the brain, draw 
water with it and cause rebound cerebral swelling. 


Loop Diuretics 


Loop diuretics act primarily on the medullary part of 
the ascending limb of the loop of Henle. After initial 
glomerular filtration and proximal tubular secretion, 
they inhibit the active reabsorption of chloride in the 
thick portion of the ascending limb. This leads to chlo- 
ride, sodium, potassium and hydrogen ions remain- 
ing in the tubule to maintain electrical neutrality, and 
their increased excretion in the urine. The extent of the 
following diuresis is determined by the concentration 
of active drug in this part of the tubule. Because the 
ascending limb plays an important role in the reab- 
sorption of sodium chloride in the kidney, these drugs 
produce a potent diuretic response. The decrease 
in sodium chloride reabsorption leads to a reduced 
urine-concentrating ability of the normally hypertonic 
medullary interstitium. Furosemide, bumetanide and 
torasemide are classified as loop diuretics because of 
their common site of action. Furosemide is the most 
commonly used. 


Furosemide 


Furosemide is usually administered intravenously 
(0.1-1 mgkg") or orally (0.75-3 mgkg™). It is well ab- 
sorbed orally and about 60% of the dose reaches the 
central circulation within a short period, with the peak 
effect after 1-1.5h. Intravenous furosemide is usu- 
ally started as a slow 20-40 mg injection in adults, but 
higher doses or even an infusion may be required in the 
case of elderly patients with renal failure or severe con- 
gestive cardiac failure. Typical doses in ICU patients are 


2-5 mg per hour; i.v. infusions are associated with less 
toxicity than intermittent bolus doses. Approximately 
90% of the drug is bound to plasma proteins and its 
volume of distribution is relatively low. Metabolism 
and excretion into the gastrointestinal tract contrib- 
ute to about 30% of the elimination of a dose of furo- 
semide. The remainder is excreted unchanged through 
glomerular filtration and tubular secretion. Impaired 
renal function affects the elimination process, but liver 
disease does not seem to influence this. The elimina- 
tion half-life of furosemide is 1-1.5h. 

Furosemide increases renal artery blood flow if the 
intravascular fluid volume is maintained. It causes re- 
distribution so that flow to the outer part of the cortex 
remains unchanged while inner cortex and medullary 
flow is increased. It leads to an improved renal tissue 
oxygen tension. This effect, together with the increased 
release of renin and the activation of the angiotensin— 
aldosterone axis, is mediated via prostaglandins. An 
advantage of loop diuretics is their high ceiling effect 
(i.e. increasing doses lead to increasing diuresis). 

Furosemide is the diuretic of choice in acute pul- 
monary oedema or other states of fluid overload 
caused by cardiac, renal or liver failure. It reduces the 
intravascular fluid volume by promoting a rapid, pow- 
erful diuresis even in the presence of a low GFR. The 
pulmonary vascular bed and capacitance vessels are di- 
lated by furosemide, and often a relief of dyspnoea and 
a reduction in pulmonary pressures may take place be- 
fore the diuretic effect has occurred. In hypertensive 
patients, the vasodilatation and preload reduction lead 
to a decrease in arterial pressure. 

Furosemide has been used widely in the manage- 
ment of the oliguric surgical or critically ill patient, 
but as with other diuretic drugs, studies have shown 
no clinical benefit. Furosemide should never be used 
to treat oliguria caused by a decreased intravascular 
fluid volume or dehydration, because the following 
diuresis could exaggerate hypovolaemia and renal 
ischaemic injury. It is important to restore the intra- 
vascular volume status first before any pharmacologi- 
cal intervention. 

A raised intracranial pressure is often treated with 
furosemide. It mobilizes cerebral oedema fluid, de- 
creases cerebrospinal fluid production and lowers 
intracranial pressure without changing plasma osmo- 
larity. In contrast to mannitol, a disrupted blood-brain 
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barrier does not influence the effect of furosemide on 
the intracranial pressure. 

Excessive doses of furosemide often lead to fluid or 
electrolyte abnormalities. Severe hypokalaemia may 
precipitate dangerous cardiac arrhythmias, especially 
in the presence of high concentrations of digitalis. 
It may also enhance the effect of non-depolarizing 
neuromuscular blocking drugs. Hypovolaemia, dehy- 
dration and the consequent haemoconcentration may 
lead to changes in blood viscosity. Hyperuricaemia and 
prerenal uraemia may develop and may precipitate an 
acute gout attack in a patient with pre-existing gout. 

Furosemide may cause high concentrations of ami- 
noglycosides and cephalosporins in the kidneys and 
this may enhance their nephrotoxic effects. Prolonged 
high blood concentrations of furosemide may have a 
direct toxic action resulting in interstitial nephritis. It 
may also cause transient or permanent deafness be- 
cause of changes in the endolymph electrolyte compo- 
sition. Patients allergic to other sulphonamide drugs 
may have a cross-sensitivity, although idiosyncratic 
reactions are rare. 


Bumetanide 


The mechanism of action of bumetanide and its ef- 
fects are similar to those of furosemide. The differ- 
ence between these two drugs is the greater potency 
and bioavailability of bumetanide; smaller doses are 
needed. The normal adult dose is 0.5-3 mg i.v. over 
1-2 min. The onset of diuresis is within 30min and 
this usually lasts for about 4h. The pharmacokinet- 
ics are similar to those of furosemide, with the excep- 
tion that bumetanide is absorbed completely after 
oral administration and its rate of elimination is less 
dependent on renal function. Potassium loss is also a 
problem with bumetanide. Ototoxicity may be slightly 
less frequent than with furosemide, but renal toxicity is 
more of a problem. In clinical practice, there is no clear 
advantage or disadvantage over furosemide, providing 
equivalent doses are administered. 


Thiazide Diuretics 


Although thiazide diuretics are seldom used by anaes- 
thetists, many patients scheduled for surgery are re- 
ceiving these drugs for chronic hypertension or heart 
failure. There are a large number of thiazides available, 
all with a similar dose-response curve and diuretic effect. 
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Bendroflumethiazide, chlorothiazide, hydrochlorothia- 
zide and chlorthalidone are a few examples of the better 
known thiazide diuretics. The majority have a duration 
of action of 6—12h. In comparison with loop diuretics, 
thiazides have a longer duration of action, act at a differ- 
ent site, have a low ‘ceiling’ effect and are less effective in 
renal failure. 

Thiazide diuretics are administered orally, absorbed 
rapidly from the gastrointestinal tract and initiate a 
diuresis within 1-2h. The major distinction between 
the available thiazides is their difference in elimination 
rate. They are distributed in the extracellular space and 
eliminated in the proximal tubule of the nephron by 
active secretion. 

Thiazides inhibit the active pump for sodium and 
chloride reabsorption in the cortical ascending part 
of the loop of Henle and the distal convoluted tubule. 
Therefore, the urine-concentrating ability of the kid- 
ney is not impaired, as normally this area is responsible 
for less than 5% of sodium reabsorption. The diuresis 
achieved by the thiazides is therefore never as effective 
as that of the loop diuretics. It is mild but sustained. In 
contrast with loop diuretics, the excretion of calcium is 
decreased and hypercalcaemia may become a problem. 
In the presence of aldosterone activity, the increase in 
sodium delivery to the distal renal tubules is associ- 
ated with increased potassium loss, similar to that of 
the loop diuretics. The reduced clearance of uric acid 
by thiazides may cause hyperuricaemia. 

Thiazides are used extensively in low doses, and of- 
ten combined with a low-sodium diet, for the man- 
agement of essential hypertension. A reduction in 
extracellular fluid volume and mild peripheral vaso- 
dilatation are responsible for the sustained antihyper- 
tensive effect. The full antihypertensive effect may take 
up to 12 weeks to become established. Higher doses of 
thiazides are used for the management of congestive 
cardiac failure and other oedematous conditions such 
as nephrotic syndrome and liver cirrhosis. 

The most common side-effects of the thiazides 
are probably dehydration and hypovolaemia. This 
may present as orthostatic hypotension. When ad- 
ministered chronically, these drugs lead typically to a 
diuretic-induced hypokalaemic, hypochloraemic, met- 
abolic alkalosis. In combination with magnesium de- 
pletion, the hypokalaemia may trigger serious cardiac 
arrhythmias, in addition to digitalis toxicity, muscle 


weakness and the potentiation of non-depolarizing 
muscle relaxants. 

Thiazides decrease the tubular secretion of urate, 
which may lead to hyperuricaemia and gout. They are 
sulphonamide derivatives and may therefore cause 
inhibition of insulin release from the pancreas and 
blockade of peripheral glucose utilization. This may 
precipitate hyperglycaemia or an increase in insulin 
requirements in a patient with diabetes mellitus. They 
also lead to an increase in total blood cholesterol. 


Potassium-Sparing Diuretics 


Only a small part of sodium reabsorption into the 
renal cells takes place via the sodium—potassium ex- 
change mechanism in the distal tubules. The potas- 
sium-retaining diuretics act on the distal convoluted 
tubules and the collecting ducts and therefore cause 
only a limited diuresis. There are two subgroups in this 
category: drugs acting independently of the aldoste- 
rone mechanism (e.g. triamterene and amiloride) and 
aldosterone antagonists (e.g. spironolactone). 

These drugs increase the urinary excretion of so- 
dium, chloride and bicarbonate and lead to an increase 
in urinary pH. They prevent excessive loss of potassium 
that occurs with the loop and thiazide diuretics by re- 
ducing the sodium—potassium exchange. Potassium- 
sparing drugs do, however, augment the diuretic 
response of these drugs when given in combination. 


Amiloride and Triamterene 


Amiloride acts directly on the distal tubule and col- 
lecting duct. It causes potassium retention and an in- 
crease in sodium loss. After oral intake, up to 25% is 
absorbed, onset of its peak effect is within 6h and it 
is then excreted unchanged in the urine. Amiloride is 
almost always used in combination with thiazide or 
loop diuretics. It then has a synergistic action in terms 
of diuresis, although it opposes the potassium loss. 
Amiloride has few side-effects. Hyperkalaemia and 
acidosis may occur, and it is therefore contraindicated 
in patients with renal failure. 

Triamterene has characteristics similar to those of 
amiloride. 


Spironolactone 


Aldosterone causes sodium reabsorption and potassium 
loss in the distal convoluted tubule. Spironolactone has 
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a steroid molecular structure, acts as a competitive 
antagonist on the aldosterone receptors and inhibits 
sodium reabsorption and potassium loss. In the ab- 
sence of aldosterone, it has no effect. 

After oral absorption, spironolactone is immedi- 
ately metabolized to a number of metabolites. Some of 
these are active and act for up to 15h. 

Spironolactone is the logical choice of diuretic in 
the management of liver cirrhosis, ascites and second- 
ary hyperaldosteronism. Heart failure or hyperten- 
sion in the presence of high mineralocorticoid levels 
(Conn’s syndrome or prednisone therapy) is another 
indication. Spironolactone is often combined with 
thiazides to maximize the diuretic effect and prevent 
potassium loss. 

Hyperkalaemia may develop if spironolactone is 
used in the presence of renal dysfunction. If used in 
high doses, it may cause gynaecomastia and impotence. 


ACUTE RENAL FAILURE, SEPSIS 
AND THE INTENSIVE CARE UNIT 


Acute renal failure is a common complication of sepsis 
and septic shock; the combination is associated with a 
mortality of over 50%. The arterial vasodilatation that 
accompanies sepsis is mediated in part by cytokines 
that upregulate inducible nitric oxide synthase with a 
subsequent increased release of nitric oxide. The po- 
tent vasodilatory effect of nitric oxide is partly respon- 
sible for the vascular resistance to the pressor response 
to noradrenaline and angiotensin II. Early in sepsis- 
related acute renal failure, cytokines such as tumour 
necrosis factor alpha (TNF-a) cause vasoconstriction 
of the renal vasculature, though trials of monoclonal 
antibodies against TNF-a have not shown any im- 
provement in survival. 

This early vasoconstrictor phase is potentially re- 
versible and some clinical studies have suggested that 
measures to optimize haemodynamics with fluids 
and vasoactive drugs can reduce the incidence of es- 
tablished acute kidney injury though more data are 
needed. The administration of vasopressin (see above) 
in patients with septic shock may help maintain ar- 
terial pressure despite the relative ineffectiveness of 
other vasopressors such as noradrenaline and angio- 
tensin II. It constricts the glomerular efferent arteri- 
ole and therefore increases the filtration pressure and 


glomerular filtration rate. There is early evidence in 
patients who have septic shock and are at risk of acute 
kidney injury that vasopressin may reduce progression 
to renal failure, and mortality. 


ACUTE KIDNEY INJURY AFTER 
CARDIAC OR MAJOR VASCULAR 
SURGERY 


The incidence of acute kidney injury (AKI) after 
cardiac surgery is approximately 10% and is associ- 
ated with a high morbidity and mortality. Clinical 
evidence suggests that preoperative renal insufficiency, 
diabetes mellitus, prolonged cardiopulmonary bypass 
(CPB) time and postoperative hypotension are all in- 
dependent risk factors for AKI in the cardiac patient. 
International consensus statements have recently been 
drawn up regarding the pathophysiology and treat- 
ment of AKI in cardiac surgical patients. Six patho- 
physiological processes were found to be most likely 
to contribute to this: exogenous and endogenous tox- 
ins, metabolic factors, ischaemia-reperfusion injury, 
neurohormonal activation, inflammation, and oxida- 
tive stress, which are probably all interrelated. 

The most effective way to prevent AKI in this setting 
is by adequate hydration and perfusion pressure during 
CPB, and the maintenance of cardiac output through- 
out the perioperative period. Data for the effects of 
hypothermia during CPB, pulsatile CPB flow or avoid- 
ing CPB altogether through off-pump cardiac surgical 
techniques on the incidence of AKI are not conclusive. 
Many drugs have been studied for renal protection dur- 
ing CPB. Low-dose dopamine is ineffective and may 
even be harmful. Although mannitol is used in routine 
pump prime in many cardiac units and furosemide 
potentially reduces renal medullary oxygen consump- 
tion, neither prevents AKI after cardiac surgery. Recent 
therapeutic trials to reduce acute kidney injury in car- 
diac surgery patients fall broadly into reactive oxygen 
molecule scavengers, anti-inflammatory agents, and 
anti-apoptotic agents (tetracyclines, minocycline, hu- 
man recombinant erythropoietin). However the results 
have been inconsistent and disappointing and there is 
currently no pharmacological strategy known to reli- 
ably reduce the incidence of AKI. 

Aprotinin has been used to reduce transfusion 
requirements in high risk cardiac surgical patients. 
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Recent evidence has raised concerns that aprotinin is 
associated with an increased risk of AKI in cardiac sur- 
gery but the evidence is conflicting and the possibility 
of risk is not consistently supported by data from pub- 
lished, randomized, placebo-controlled clinical trials. 
Aprotinin is currently not recommended for routine 
use in cardiothoracic surgery. 


DRUGS AND RENAL 
TRANSPLANTATION 


The best treatment for end-stage renal failure is renal 
transplantation. Apart from optimizing the recipient’s 
general health (e.g. correction of anaemia, preopera- 
tive dialysis, etc.), immunosuppression plays an ex- 
tremely important role in graft survival. 


Erythropoietin 

Erythropoietin is a circulating hormone secreted by 
the kidneys. It stimulates the bone marrow to pro- 
duce red blood cells. The ability of the kidney to se- 
crete erythropoietin deteriorates as excretory function 
decreases. Patients with severe chronic renal failure 
are unable to produce adequate quantities of eryth- 
ropoietin, which leads to diminished red blood cell 
production. The retention of toxic substances also 
contributes to bone marrow depression. In addition, 
red cell survival is reduced by 50% in advanced renal 
failure. Therefore these patients almost always develop 
a chronic anaemia. 

Long-term administration of recombinant hu- 
man erythropoietin (rHUEPO) in chronic renal fail- 
ure patients results in global stimulation of the bone 
marrow, increasing red blood cell differentiation and 
maintaining cell viability, thereby improving anaemia. 
It also decreases bleeding by increasing platelet adhe- 
sion in haemodialysed uraemic patients. A side-effect 
of rHUEPO is the development of hypertension or ex- 
acerbation of existing hypertension. 


Immunosuppression 
Prednisolone and Azathioprine 


Corticosteroids were the first drugs to be used as im- 
munosuppressive agents. Initially, very high doses 
were used, producing the typical steroid side-effects, 
e.g. Cushingoid appearance, hypertension, hypergly- 
caemia and osteoporosis. Experience and research 


showed that large doses were not necessary and that 
better results and fewer side-effects were possible with 
lower doses. 

The ‘modern era’ of immunosuppression started 
with the discovery of azathioprine. For a long period 
of time, the combination of azathioprine and cortico- 
steroids was the ‘gold standard’ in transplant surgery. 
Azathioprine is a derivative of 6-mercaptopurine and 
is metabolized to its active form in the liver. It affects 
the synthesis of DNA and RNA and is broken down 
by the enzyme xanthine oxidase. Co-administration 
of allopurinol (xanthine oxidase inhibitor) is contra- 
indicated because it may result in bone marrow sup- 
pression, agranulocytosis and leucopaenia. Patients 
receiving azathioprine are prone to develop viral warts 
or malignancies of the skin and hepatic dysfunction. 


Ciclosporin A and Ciclosporin-Neoral 


The next major advance in transplant surgery was 
the discovery of ciclosporin A. This fungal peptide 
prevents the proliferation and clonal expansion of T 
lymphocytes. The chance of acute rejection is reduced 
significantly by administration of this drug. In spite of 
the large number of side-effects of ciclosporin A, it has 
been accepted as the new standard against which all 
other immunosuppressants are judged. Ciclosporin A 
is lipophilic and incompletely absorbed in the small 
bowel. Serious side-effects such as gingival hypertro- 
phy, hepatotoxicity and nephrotoxicity make this a 
less than perfect drug. For a long time, classic triple 
therapy consisted of prednisolone, azathioprine and 
ciclosporin A. 

Recently, ciclosporin was released in a new form un- 
der the tradename Neoral. This form is a microemul- 
sion that enhances the bioavailability of ciclosporin 
through improved absorption. Ciclosporin (Neoral) is 
equipotent to the parent drug and most renal trans- 
plant patients are presently receiving this agent. 


Rapamycin 

Rapamycin is a macrolide with antifungal and potent 
immunosuppressant effects. It prevents proliferation 
of T cells and antagonizes the action of interleukin-2 
on its receptor. This agent is 100 times more potent 
than ciclosporin A. It has no adverse effects on liver 
or renal function, but has the potential to enhance the 
nephrotoxicity and hepatotoxicity of ciclosporin. 
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TABLE 10.2 


A Typical Perioperative Regimen for Renal Transplant 


Preoperative 


Induction immunosuppression (ciclosporin-Neoral, FK506/tacrolimus, 


rapamycin, or sirolimus and mycophenolate mofetil (MMF) 
Heparin 5000 units subcutaneously 


Ranitidine 150 mg orally (stress ulcer prophylaxis) 


Nifedipine 20 mg orally (vasodilator, free radical scavenger) 


At induction 


Antibiotic prophylaxis - co-amoxiclav (augmentin) 1.2 g intravenously 


methylprednisolone 0.5 g i.v. 


During vascular anastomosis 


Postoperative 


Antibiotic prophylaxis 


Mannitol 0.5 gkg' intravenously + dopamine 3-5 ug kg min"! 


Heparin 5000 units subcutaneously, twice daily 


Aspirin 150 mg orally 


Ranitidine 150 mg orally, twice daily 


Co-trimoxazole 480 mg orally, daily (prophylaxis against Pneumocystis carinii) 


Immunosuppression (‘triple therapy’) 


Tacrolimus 


Tacrolimus is a macrolide antibiotic with a similar 
structure to rapamycin. It is a very potent immunosup- 
pressant drug that inhibits the activation of T cells and 
interleukin-2 generation. The principal side-effects are 
nephrotoxicity and neurotoxicity. 


Mycophenolate Mofetil 


Mycophenolate mofetil (MMF) is a new immuno- 
suppressant licensed for use in renal transplantation. 
It inhibits a key enzyme in the purine synthesis path- 
way and therefore has a specific effect on B and T 
lymphocytes. The synthesis of adhesion molecules 
is also inhibited by MMF. It seems as though MMF 
effectively prevents chronic rejection in renal trans- 
plant patients. MMF is neither nephrotoxic nor 
hepatotoxic. 

There are a variety of substances with potent im- 
munosuppressant properties which are usually used 
in combination with each other. Despite their power- 
ful immunosuppressant effects, it is unlikely that any 
of the new or existing drugs may be used as mono- 
therapy. The calcineurin inhibitors (CNIs), ciclospo- 
rin and tacrolimus, have revolutionized the overall 
success of renal transplantation through reduction in 
early immunological injury and acute rejection rates. 
However, the CNIs have a significant adverse effect 
on renal function and cardiovascular disease, and ex- 
tended long-term graft survival has not been achieved. 


CNI minimization using mycophenolate mofetil or si- 
rolimus may be associated with a modest increase in 
creatinine clearance and a decrease in serum creatinine 
in the short term. A typical perioperative regimen for 
renal transplantation is shown in Table 10.2. 

The role of drugs inhibiting antigen presentation and 
the use of monoclonal antibodies are still being defined. 
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METABOLISM 


Metabolism may be defined as the chemical processes 
which enable cells to function. Basal metabolic rate 
(BMR) is the minimum amount of energy required 
to maintain basic autonomic function and normal 
homeostasis. For example, energy is required by the 
myocardium to maintain heart rate and stroke vol- 
ume and by nerve and muscle membranes to main- 
tain membrane potentials. In a healthy resting adult, 
BMR is in the region of 2000 kcal day“ (equivalent to 
40kcalm~h™). One calorie is the energy required in 
joules to raise the temperature of 1g of water from 
15°C to 16°C. Because this is a very small unit, a more 
practical measure in human physiology is the kcal or 
Calorie (C). 

Adenosine triphosphate (ATP) is the ‘energy cur- 
rency of the body. It contains two high-energy 
phosphate bonds and is present in all cells. Most physi- 
ological processes acquire energy from it. Oxidation 
of nutrients in cells releases energy, which is used to 
regenerate ATP. Conversion of one mole of ATP to ad- 
enosine diphosphate (ADP) releases 8kcal of energy. 
Additional hydrolysis of the phosphate bond from 
ADP to AMP also releases 8kcal (Fig. 11.1). Other 
high-energy compounds include creatine phosphate 
and acetyl CoA. The generation of energy through the 
oxidation of carbohydrate, protein and fat is termed 
catabolism, whereas the generation of stored energy as 
energy-rich phosphate bonds, carbohydrates, proteins 
or fats is termed anabolism (Fig. 11.2). The amount of 
energy released by carbohydrate, protein and fat me- 
tabolism is: carbohydrate 4.1 kcal g`’, protein 4.1 kcal g` 
and fat 9.3 kcal g`. 
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METABOLISM, THE STRESS RESPONSE 
TO SURGERY AND PERIOPERATIVE 
THERMOREGULATION 


CARBOHYDRATE METABOLISM 


The final product of carbohydrate digestion is glucose, 
which is used to form ATP in cells. Because the cellular 
membrane is impermeable to glucose, it is transported 
by a carrier protein (GLUT4) across the membrane 
in a process termed facilitated diffusion. Activation 
of insulin receptors speeds translocation of GLUT4- 
containing endosomes into the cell membrane which 
then mediate glucose transport into the cell. Facilitated 
diffusion of glucose into cells is increased 10-fold in 
the presence of insulin, without which the rate of up- 
take would be inadequate. This is a passive process 
(i.e. it does not require energy expenditure by the 
cell). In contrast, glucose absorption in the gastroin- 
testinal tract and reabsorption in the renal tubule are 
both active processes (i.e. are energy-consuming pro- 
cesses). They involve co-transport with sodium ions 
via sodium-dependent glucose transporters (SGLT). 


Aerobic Glycolysis 


After absorption into cells, glucose may be used imme- 
diately or stored in the form of glycogen, particularly 
in liver and muscle. The process of releasing glucose 
molecules from the glycogen molecule in times of high 
metabolic demand is termed glycogenolysis. This pro- 
cess is initiated by the enzyme phosphorylase, which is 
activated in the presence of adrenaline (epinephrine) 
and glucagon. Adrenaline is released by the sympathetic 
nervous system, while glucagon is released from the a 
cells of the pancreas in response to hypoglycaemia. 
The mechanism of glucose catabolism involves an 
extensive series of enzyme-controlled steps, rather 
than a single reaction. This is because the oxidation of 


PO, PO, 
ATP <> ADP <> AMP 
8 kcal 8 kcal 


FIGURE 11.1 © Hydrolysis of adenosine triphosphate (ATP). 
ADP, adenosine diphosphate; AMP, adenosine monophosphate. 


one mol of glucose (180g) releases almost 686 kcal of 
energy, whereas only 8kcal is required to form one mol- 
ecule of ATP. Therefore, an elaborate series of reactions, 
termed the glycolytic pathway, releases small quantities 
of energy at a time, resulting in the synthesis of 38 mol 
of ATP from each mol of glucose (Fig. 11.3). As each 
molecule of ATP releases 8kcal, a total of 304kcal of 
energy in the form of ATP is synthesized. Hence, the ef- 
ficiency of the glycolytic pathway is 44%, the remainder 
of the energy being released as heat. 
The glycolytic pathway may be summarized as: 


1. Glycolysis, i.e. splitting the glucose (6 carbon at- 
oms) molecule into two molecules of pyruvic 
acid (3 carbon atoms each). This results in the 
net formation of two molecules of ATP anaerobi- 
cally but also generates two pairs of H* for entry 
into the respiratory chain (see below) (Fig. 11.4). 

2. Oxidation of each of the pyruvic acid (3 carbon 
atom) molecules in the Krebs citric acid cycle 
results in the generation of five pairs of H* per 
3-carbon moiety, i.e. 10 pairs of H* per 6 carbon 
glucose molecule (Fig. 11.5). 

3. Oxidative phosphorylation, i.e. the formation 
of ATP by the oxidation of hydrogen to water. 


Carbohydrate ————-» Hexoses 


Fat ———~ Fatty acids 


FIGURE 11.2 
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This process is also known as the respiratory 
chain. For each molecule of glucose, a total of 
12 pairs of H* are fed into the respiratory chain, 
each pair generating three molecules of ATP. 
Thus, oxidative phosphorylation results in 36 
molecules of ATP per molecule of glucose. A 
further two molecules of ATP are produced an- 
aerobically. Therefore, one molecule of glucose 
generates 38 molecules of ATP. Uncoupling of 
oxidative phosphorylation allows ATP produc- 
tion to be sacrificed for heat production as part 
of thermoregulatory homeostasis. 


Anaerobic Glycolysis 


This is the process of ATP formation in the absence 
of oxygen and is possible because the first two steps 
of glycolysis do not require oxygen. In the absence of 
oxygen, pyruvic acid molecules and hydrogen ions ac- 
cumulate, which would normally stop the reaction. 
However, pyruvic acid and hydrogen ions combine in 
the presence of the enzyme lactic dehydrogenase to form 
lactic acid, which diffuses easily out of cells, allowing 
anaerobic glycolysis to continue. Lactic acidosis is a fea- 
ture of shock caused by, for example, severe sepsis. This 
is a highly inefficient use of the energy within glucose. 
When oxygen is again available to the cells, lactic acid is 
reconverted to glucose or used directly for energy. 

The glycolytic pathway metabolizes 70% of glucose. 
A second mechanism, the phosphogluconate pathway 
(also known as the hexose monophosphate shunt) is 
responsible for metabolism of the remaining 30%. 
The importance of this pathway is that ATP is formed 
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Summary of the glycolytic pathway. Krebs citric acid cycle. FFA, free fatty acid. Note that two molecules of 


pyruvic acid are produced for each molecule of glucose metabolized. Each pyruvic acid molecule enters the Krebs citric acid cycle. 


independently of the enzymes needed in the glycolytic 
pathway, and hence an enzymatic abnormality in the 
glycolytic pathway does not completely inhibit energy 
metabolism. It also provides for the production of pen- 
toses, which are needed for nucleic acid production. 


Gluconeogenesis 


This is the formation of glucose from amino acids, 
which are usually used for protein formation. It oc- 
curs when stores of glycogen are depleted. Prolonged 
hypoglycaemia is the main trigger for this process, but 
ACTH, glucocorticoids and glucagon also have a role. 


PROTEIN METABOLISM 


Proteins are composed of amino acids, of which there 
are more than 20 different types in humans. All amino 
acids have a weak acid group (-COOH) and an amine 
group (-NH,). They are joined by peptide linkages to 


form peptide chains (primary structure), a reaction which 
releases a molecule of water in the process. The blood con- 
centration of amino acids is approximately 1-2 mmol L”. 
Entry into cells requires facilitated or active transport us- 
ing carrier mechanisms. They are then conjugated into 
proteins by the formation of peptide linkages. Formation 
of the peptide link requires 0.5—-4.0kcal derived from 
ATP. Large proteins may be composed of several peptide 
chains wrapped around each other (secondary structure) 
and bound by weaker links, e.g. hydrogen bonds, electro- 
static forces and sulfhydryl bonds (tertiary structure). 

Some amino acids present in the body are not pres- 
ent in proteins to any appreciable extent including, 
for example, ornithine, 5-hydroxytryptophan, L-dopa 
and thyroxine. Catecholamines, histamine and sero- 
tonin are formed from specific amino acids. Sulphur- 
containing amino acids are the source of urinary 
sulphate and provide sulphur for incorporation into 
various proteins, e.g. Coenzyme A. 
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183 


184 


11 METABOLISM, THE STRESS RESPONSE TO SURGERY AND PERIOPERATIVE THERMOREGULATION 


CO, + 2H* 


Pyruvic acid (3C) 


x- O02 


Acetyl CoA (2C) 


2H* 


Oxaloacetic acid (4C) a as Citric acid (6C) 


2H* 


Malic acid (4C) 


Fumaric acid (4C) 


CO, 


Isocitric acid (6C) 


2H* 


Oxalosuccinic acid (6C) 


COs 


Succinic acid (4C) ->~ a-ketoglutarate (5C) 


2H* 


FIGURE 11.5 


The Krebs citric acid cycle. Note that five pairs of H* are generated by the oxidation of each pyruvate molecule. 


Each pair of H* generates three molecules of ATP in the respiratory chain in the mitochondria. 


There is equilibrium between the amino acids in 
plasma, plasma proteins and tissue proteins. Proteins may 
be synthesized from amino acids in all cells of the body, 
the type of protein depending on the genetic material in 
the DNA, which determines the sequence of amino acids 
formed and hence controls the nature of the synthesized 
proteins. Essential amino acids must be ingested as they 
cannot be synthesized in the body. Table 11.1 lists the 
eight essential amino acids. If there is dietary deficiency 
of any of these, the subject develops a negative nitrogen 
balance. Others are non-essential (i.e. may be synthesized 
in the cells). Synthesis is by the process of transamina- 
tion, whereby an amine radical (-NH,) is transferred 
to the corresponding a-keto acid. Breakdown of excess 
amino acids into glucose (gluconeogenesis) generates 
energy or storage as fat, both of which occur in the liver. 
The breakdown of amino acids occurs by the process of 
deamination, which takes place in the liver. It involves 
the removal of the amine group with the formation of 


TABLE 11.1 


Essential Amino Acids 


Leucine 


Isoleucine 


Lysine 


Methionine 


Phenylalanine 


Threonine 


Tryptophan 


Valine 


the corresponding ketoacid. The amine radical may be 
recycled to other molecules or released as ammonia. In 
the liver, two molecules of ammonia are combined to 
form urea (Fig. 11.6). Amino acids may also take up am- 
monia to form the corresponding amide. 


a-ketoglutaric acid + amino acid 


| 


glutamic acid + o-keto acid + NAD’ + H2O 
a-ketoglutaric acid + NADH + H* + NH, 
(> Ornithine + CO, + NH, 


H,O 


Citrulline + NH, 


Arginine 


Arginase 
H,O 


Urea 


FIGURE 11.6 ™ Deamination is the process of metabolizing 
amino acids. Ammonia is the end product. Two molecules of 
ammonia combine as shown to form urea. This occurs in the liver. 


During starvation or when no protein is ingested 
(e.g. after major surgery), 20-30 g day" of protein is 
catabolized for energy purposes. This occurs despite 
the continuing availability of some stored carbohy- 
drates and fats. When carbohydrate and fat stores are 
exhausted, the rate of protein catabolism is increased 
to >100g day", resulting in a rapid decline in tissue 
function. During the systemic inflammatory response 
syndrome (SIRS) or after major surgery, there is 
functional catabolism also. Several hormones influ- 
ence protein metabolism. Growth hormone, insulin 
and testosterone are anabolic, i.e. they increase the 
rate of cellular protein synthesis. Other hormones, 
e.g. glucocorticoids, are catabolic, i.e. they decrease 
the amount of protein in most tissues, except the 
liver. Glucagon promotes gluconeogenesis and pro- 
tein breakdown. Thyroxine indirectly affects protein 
metabolism by affecting metabolic rate. If insufficient 
energy sources are available to cells, thyroxine may 
contribute to excess protein breakdown. Conversely, if 
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adequate amino acid and energy sources are available, 
thyroxine may increase the rate of protein synthesis. 


LIPID METABOLISM 


Lipids are a diverse group of compounds characterized 
by their insolubility in water and solubility in non- 
polar solvents such as ether or benzene. They include 
fats, oils, steroids, waxes, etc. They serve as an immedi- 
ate energy source but also provide storage energy. They 
include cholesterol, which is a precursor of steroids. 
They provide electrical insulation for nerve conduc- 
tion and when combined with protein they are known 
as lipoproteins, an important component of cell mem- 
branes. Lipoproteins are also the predominant means 
for the transport of bloodstream lipids. 

Lipids include triglycerides (TGs), phospholipids 
(PLs) and cholesterol. The basic structure of TGs and 
PLs is the fatty acid. Fatty acids are long-chain hydro- 
carbon organic acids. TGs are composed of three long- 
chain fatty acids bound with one molecule of glycerol 
(Fig. 11.7). Phospholipids have two long-chain fatty 
acids bound to glycerol with the third fatty acid re- 
placed by attached compounds such as inositol, cho- 
line or ethanolamine. Although cholesterol does not 
contain fatty acid, its sterol nucleus is formed from 
fatty acid molecules. 

Some polyunsaturated fatty acids are considered es- 
sential because they cannot be synthesized in humans 
and because they are precursors for eicosanoids. They 
must be acquired from plant sources. These essential 
fatty acids are linolenic acid and linoleic acid which 
together with their derivative arachidonic acid form 
prostaglandins, lipoxins and leukotrienes (collectively 
termed eicosanoids). 

After absorption in the gastrointestinal tract, lipids 
are aggregated into droplets (diameter 90-1000 nm), 
termed chylomicrons, composed mainly of TGs. These 
molecules are too large to pass the endothelial cells 
of the portal system and so enter the circulation via 


R-COO-CH, 
R-COO-CH 
R-COO-CH, 


FIGURE 11.7 
of carbon atoms. 


Triglyceride structure. R represents a chain 
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the thoracic duct. Chylomicrons are metabolized by 
lipoprotein lipase adherent to the endothelium of 
many tissues throughout the body including adipose 
tissue but not adult liver. Chylomicrons carry choles- 
terol to the liver. The fatty acids and lipoproteins re- 
leased from the liver into the circulation are derived 
from secondary products of chylomicron metabolism. 

Transport of lipids from the liver or adipose cells to 
other tissues that need it as an energy source occurs by 
means of binding to plasma albumin. The fatty acids 
are then referred to as free fatty acids (FFAs), to distin- 
guish them from other fatty acids in the plasma. After 
12h of fasting, all chylomicrons have been removed 
from the blood, and circulating lipids then occur in the 
form of lipoproteins. Lipoproteins are smaller particles 
than chylomicrons but are also composed of TGs, PLs 
and cholesterol. They may be classified as: 


m very low-density lipoproteins (VLDLs), consisting 
mainly of TGs 

m low-density lipoproteins (LDLs), consisting mainly 
of cholesterol 

m high-density lipoproteins (HDLs), consisting mainly 
of protein. 


Cholesterol 


Cholesterol is a lipid with a sterol nucleus and is formed 
from acetyl CoA. It may be absorbed from food (animal 
sources only) but is also synthesized in the liver and to a 
lesser extent other tissue. Its function is predominantly 
the formation of bile salts in the liver, which promote 
the digestion and absorption of lipids. The remainder 
is used in the formation of adrenocortical and sex hor- 
mones and it is deposited also in the skin, where it re- 
sists the absorption of water-soluble chemicals. 

The serum cholesterol concentration is correlated 
with the incidences of atherosclerosis and coronary 
artery disease. Prolonged elevations of VLDL, LDL 
and chylomicron remnants are associated with ath- 
erosclerosis. Conversely, HDL is protective. Factors af- 
fecting blood cholesterol concentration are outlined in 
Figure 11.8. 

There is a feedback mechanism whereby increased 
cholesterol absorption from the diet results in inhi- 
bition of the enzyme HMG-CoA reductase, which 
regulates synthesis of cholesterol. There are many 
hormonal influences in cholesterol metabolism also, 
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FIGURE 11.8 ® Factors affecting blood cholesterol 


concentration. 


including increased plasma concentrations in response 
to abnormally low concentrations of thyroid hormone, 
insulin and androgens. Oestrogen reduces cholesterol 
concentration by an unknown mechanism. The family of 
cholesterol-lowering drugs termed statins are inhibitors 
of the enzyme HMG-CoA reductase. 

Lipids are ingested in similar proportions to carbo- 
hydrates and may be used as an energy source imme- 
diately or stored in the liver or adipose cells for later 
use as an energy source. The stages in the use of TGs 
as an energy source are as follows. TG is hydrolysed to 
its constituent glycerol and three fatty acids; glycerol is 
then conjugated to glycerol 3-phosphate and enters the 
glycolytic pathway, which generates ATP as described 
above. Fatty acids need carnitine as a carrier agent to 
enter mitochondria, where they undergo beta oxida- 
tion. The precise number of ATP molecules formed 
from a molecule of TG depends on the length of the 
fatty acid chain, longer chains providing more acetyl 
CoA and hence more molecules of ATP. Newborns 
have a special type of fat, termed brown fat, which on 
exposure to a cold stressor is stimulated to break down 
into free fatty acids and glycerol. In brown adipose tis- 
sue, oxidation and phosphorylation are not coupled 
and therefore the metabolism of brown fat is especially 
thermogenic. 
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FIGURE 11.9 


Ketones 


Initial degradation of fatty acids occurs in the liver, 
but the acetyl-CoA may not be used either immedi- 
ately or completely. Ketones, or keto acids, are either 
acetoacetic acid, formed from two molecules of acetyl 
CoA, B-hydroxybutyric acid, formed from the reduc- 
tion of acetoacetic acid, or acetone, formed when a 
smaller quantity of acetoacetic acid is decarboxylated 
(Fig. 11.9). These three substances are collectively 
termed ketones. They are organic acids formed in the 
liver, from which they diffuse into the circulation and 
are transported to the peripheral tissues where they 
may be used for energy. Their importance is that they 
accumulate in diabetes and starvation, such as may oc- 
cur in the perioperative period. In both circumstances, 
no carbohydrates are being metabolized. In diabetes, 
decreased insulin results in a reduction in intracellular 
glucose, and in starvation, carbohydrates are lacking 
simply because they are not being ingested. The en- 
suing breakdown of fat as described above results in 
large quantities of ketones being released from the 
liver to the peripheral tissues. There is a limit to the 
rate at which ketones are used by the tissues, because 
depletion of essential carbohydrate intermediate me- 
tabolites slows the rate at which acetyl CoA can enter 
the Krebs cycle (see Fig. 11.5). Hence, blood ketone 
concentration may increase rapidly, causing metabolic 
acidosis and ketonuria. Acetone may be discharged on 
the breath to give a characteristic sweet odour. 


Measuring Metabolic Rate 


Basal metabolic rate (BMR) is determined at com- 
plete mental and physical rest 12-14h after food in- 
gestion, if body temperature is within the normal 
range. Metabolic rate increases by approximately 8% 
for every 1°C rise of body temperature. BMR may be 
measured by indirect calorimetry which involves the 


-CO, 
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Ketone formation. 


TABLE 11.2 


Factors Influencing Metabolic Rate 


Malnutrition (20%) 


Sleep (15%) 


Exercise (up to 2000XBMR) 


Protein ingestion 


Age: <5 years has X2 BMR of >70 


Thyroid hormone imbalance (increase or decrease by 50%) 


Sympathetic stimulation 


Testosterone (by 15%) 


Temperature 


Anaesthesia (20% reduction) (regional anaesthesia - no effect) 


measurement of water, CO, or protein breakdown 
products produced to enable the metabolic rate to be 
quantified. Alternatively, the O, consumption can be 
measured. A total of 4.82 kcal of energy is produced per 
litre of O, consumed although accurate assessment de- 
pends on information about the type of food ingested. 
Factors influencing BMR are listed in Table 11.2. 


THE STRESS RESPONSE TO 
SURGERY 


The stress response is a physiological response which 
has evolved to protect the body from injury and to en- 
hance chances of survival. It involves cardiovascular, 
thermoregulatory and metabolic mechanisms and was 
first described by Cuthbertson in 1929. 

Surgery or trauma consistently elicits a characteris- 
tic neuroendocrine and cytokine response in propor- 
tion to the extent of injury or metabolic insult. Minor 
surgery on a limb has a negligible stress response, in 
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contrast to major surgery such as a laparotomy or tho- 
racotomy. The characteristics of the stress response to 
surgery are summarized in Table 11.3. There are two 
principal components to the stress response to sur- 
gery: the neuroendocrine response and the cytokine 
response. The neuroendocrine response is stimulated 
by painful afferent neural stimuli reaching the CNS. 
It may be diminished and sometimes eliminated alto- 
gether by dense neural blockade from a regional anaes- 
thetic technique. 

The cytokine component of the stress response 
is stimulated by local tissue damage at the site of the 
surgery itself and is not inhibited by regional anaes- 
thesia. It is diminished by minimally invasive surgery, 
especially laparoscopic techniques. Triggers are listed 
in Table 11.4. 
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There is growing evidence that the stress response is 
detrimental and is associated with postoperative mor- 
bidity. It has adverse effects on several key physiologi- 
cal systems, including the cardiovascular, respiratory 
and gastroenterological systems. 


Consequences of the Neuroendocrine 
Element of the Stress Response 


Protein Catabolism 


Major surgery results in a net excretion of nitrogen- 
containing compounds, referred to as negative ni- 
trogen balance, reflecting catabolism of protein into 
amino acids for gluconeogenesis. This is partly because 
of perioperative starvation, but mainly because of the 
stress response, which causes decreased total protein 


TABLE 11.3 


Components of the Stress Response to Surgery 


Neuroendocrine Response Conseq' uence 


Result 


Hypothalamic-pituitary- 
adrenal 


ACTH, GH, ADH, B-endorphin, 
prolactin all increased 


Activation of adrenocortical hormones 
Mobilization of glucose reserves 
Water retention 


Protein catabolism and gluconeogenesis 


Sympathetic nervous system Catecholamines increased 


stimulation 


Hypothalamic-pituitary-adrenal 


Renin-angiotensin-aldosterone 


ncreased glucagon 


Decreased insulin, testosterone 


ncreased acute-phase proteins 
liver) 


Heart rate and cardiac output increased 
SVR and arterial pressure increased 


Activation of adrenocortical hormones; mobilization 
of glucose reserves; water retention; protein catabolism 
and gluconeogenesis 


Increased SVR, retention Na* and H,O, secretion K* 


Increased plasma glucose, lipolysis and insulin 
resistance 


Hyperglycaemia, catabolic state 


Decreased liver synthesis of albumin 


Cytokine Response 


Cytokine and inflammatory 
mediator release 


L-1, IL-6, TNF-a 


Prostaglandins increased 


Neutrophils increased 


Lymphocytes decreased 


Platelet adhesion 
Increased coagulation 
Increased hypothalamic-pituitary-adrenal activity 


Local inflammation, pain 


Pyrexia (due to increased IL-1) Increased metabolic rate 


Increased demand on cardiovascular system 


ACTH, adrenocorticotrophic hormone; GH, growth hormone; ADH, antidiuretic hormone; SVR, systemic vascular resistance; TNF-a, 


tumour necrosis factor alpha. 


TABLE 11.4 


Triggers of the Neuroendocrine and 
Cytokine Response in Patients After Surgery 


Noxious afferent stimuli (especially pain) 


Local inflammatory tissue factors, especially cytokines 


Pain and anxiety 


Starvation 


Hypothermia and shivering 


Haemorrhage 


Acidosis 


Hypoxaemia 


Infection 


synthesis, in addition to protein breakdown. Peripheral 
skeletal muscle is predominantly affected, but visceral 
protein may also be catabolized. Catecholamines, cor- 
tisol, glucagon and interleukins (IL-1 and IL-6) are 
involved in proteolysis and gluconeogenesis. Protein 
catabolism contributes to weight loss and impaired 
wound healing, and may delay overall postoperative 
recovery. Up to 0.5kg day” of lean muscle mass may 
be lost postoperatively because of this aspect of the 
stress response. 


Carbohydrate Mobilization 


Hyperglycaemia and insulin intolerance are major 
features of the stress response and may persist for 
several days postoperatively. They result from increased 
blood concentrations of catecholamines, cortisol and 
glucagon and also from sympathetic nervous system 
stimulation (by further increasing catecholamine re- 
lease from the adrenal medulla). These hormones also 
inhibit insulin and therefore glucose uptake into mus- 
cle, fat and liver. Moreover, there is decreased sensitiv- 
ity of muscle and liver to circulating insulin during 
the stress response. Blood glucose concentrations may 
increase to over 11 mmol L”, leading to glycosuria and 
osmotic diuresis. 


Fat Metabolism 


The net effect of the hormonal alterations listed in 
Table 11.3 is lipolysis, stimulated by catecholamines 
acting at «,-adrenoreceptors, with resultant increased 
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concentrations of FFAs in the circulation. FFAs may 
be oxidized in the liver to form ketones (e.g. aceto- 
acetate), which may be used as a source of energy by 
peripheral tissues. 


Cardiovascular Effects 


The stress response to surgery and postoperative 
pain activates the sympathetic nervous system (SNS), 
which may increase myocardial oxygen demand by 
increasing heart rate and arterial pressure. Activation 
of the SNS may also cause coronary artery vasocon- 
striction, reducing the supply of oxygen to the myo- 
cardium, which in turn can predispose to myocardial 
ischaemia. This effect may be aggravated by the fact 
that there is a hypercoagulable state postoperatively 
and the stress response is an important factor in caus- 
ing this. The concentration of antidiuretic hormone 
(ADH) increases during the stress response, and this 
is known to contribute to increased platelet adhesive- 
ness (Fig. 11.10). 


Respiratory Effects 


Postoperative pulmonary dysfunction may also result 
from pain and the stress response to major surgery. 
The most important alteration in respiratory function 
caused by the stress response is a reduction in func- 
tional residual capacity (FRC). This is the amount of 
air remaining in the lungs at the end of a normal ex- 
piration. The main cause of reduction in FRC is post- 
operative pain, which reduces the depth and rate of 
breathing. When FRC is reduced, it may become less 
than the closing capacity, the volume of air in the lungs 
required to prevent alveolar collapse. When FRC is less 
than closing capacity, airway closure occurs, with re- 
sultant ventilation-perfusion mismatch, shunting of 
blood and hypoxaemia. 


Gastrointestinal Effects 


The stress response to surgery stimulates both af- 
ferent nociceptive input and efferent SNS output, 
resulting in ileus and excessive SNS stimulation 
relative to parasympathetic nervous system (PNS) 
stimulation. Postoperative ileus is a temporary im- 
pairment of gastrointestinal motility after major 
surgery. It delays resumption of an enteral diet, and 
this starvation itself prolongs the stress response to 
surgery. 
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FIGURE 11.10 


Potential effect of the surgical stress response on coronary arterial blood flow. ADH, antidiuretic hormone; 


SVR, systemic vascular resistance; SNS, sympathetic nervous system. 


Immunological System Effects 


Many mediators of the stress response (cortisol, in- 
terleukins, prostaglandins, etc.) are cellular and hu- 
moral immunosuppressants. It is not known if stress 
response-mediated immunosuppression, which oc- 
curs for several days after surgery, influences patient 
outcome. 


Afferent Neural Stimuli 


Afferent noxious stimuli (such as pain, pressure, burn- 
ing, distension) are transmitted by Aa and C nerve fi- 
bres. They enter the spinal cord via the dorsal root and 
synapse in the dorsal horn. 


Local Factors and the Immunological (Cytokine) 
Response 


Afferent neural stimuli are not the sole means of elic- 
iting the stress response to surgery. Severe injury in 
a denervated limb also elicits the response, suggest- 
ing a non-neural stimulus. Cytokines and mediators 
of inflammation are released in response to local 
tissue destruction or trauma, increasing peripheral 


nociceptive activity. The magnitude of this response 
is proportional to the extent of tissue damage. 


Effect of General Anaesthesia on the 
Stress Response 


Intravenous (with the exception of etomidate) and 
inhalational anaesthetic agents have no appreciable 
effect on either the neuroendocrine or the cytokine 
elements of the stress response, irrespective of dose. 
Etomidate inhibits the 11B-hydoxylase enzyme in- 
volved in adrenal cortisol synthesis leading to re- 
duced cortisol concentrations and is associated with 
increased mortality in the critically ill when infu- 
sions of etomidate are used for sedation. At much 
higher doses, adrenal 18B-hydroxylase and choles- 
terol side chain cleavage enzymes are inhibited, thus 
reducing aldosterone and other steroid hormone 
synthesis. There is some evidence that inhibition 
of 116-hydoxylase occurs after a single induction 
dose of etomidate, reducing plasma cortisol con- 
centrations for several hours, but the clinical signifi- 
cance of this is unclear. High-dose opioid analgesia 


(e.g. morphine 4mgkg™ or fentanyl 50-100 pgkg"') 
may completely inhibit the neuroendocrine element 
(with the exception of that triggered by cardiopul- 
monary bypass). If the opioid is given after the sur- 
gical incision, it does not prevent the emergence of 
the stress response. These high doses of opioids are 
impractical for most operations. 


Effect of Epidural Anaesthesia and 
Analgesia on the Stress Response 


Neuroendocrine Element 


While only very high-dose, opioid-based general an- 
aesthesia completely inhibits the stress response to 
upper abdominal surgery epidural anaesthesia, com- 
menced before the surgical incision and continued 
postoperatively, significantly reduces it. Epidural an- 
aesthesia and analgesia for lower limb or pelvic surgery 
completely suppresses the response. Administration 
of local anaesthetic drugs into the epidural space is 
more effective in this respect than administration of 
opioids alone. 


Cytokine Element 


The systemic release of cytokines in response to local 
tissue damage is not influenced by any anaesthetic 
technique, including epidural anaesthesia and an- 
algesia. However, the cytokine element of the stress 
response is reduced by limiting the extent of the sur- 
gical incision, in particular, by use of laparoscopic 
techniques. 


Benefits of Modifying the Stress Response 


It is generally agreed that it is beneficial to decrease 
the stress response in patients with cardiovascular 
disease. Neonates undergoing cardiac surgery show a 
decreased stress response when anaesthesia is supple- 
mented with sufentanil and may suffer fewer postop- 
erative complications. 

There is actually no evidence that limiting the en- 
docrine and metabolic responses to surgery is benefi- 
cial in all patients. However, regional anaesthesia may 
reduce complications in elderly high-risk patients (de- 
creased cardiovascular and respiratory complications, 
reduced hospital stay) but further studies are needed 
to confirm this. 
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THERMOREGULATION AND 
ANAESTHESIA 


Mammals are homeothermic, requiring a nearly con- 
stant internal body temperature; core temperature 
is one of the most closely guarded physiological pa- 
rameters. Although core temperature varies daily with 
circadian rhythm and monthly in women, body tem- 
perature does not deviate more than a few tenths of a 
degree either side of normal. Anaesthesia and surgery 
have dramatic effects on temperature regulation, such 
that post-operative hypothermia is the rule rather than 
the exception. Hypothermia results in significant mor- 
bidity, including shivering, coagulopathy, prolonged 
duration of drug action and increased risk of surgical 
wound infection. 


Physiology 

It is useful to consider thermoregulatory physiology 
in terms of a two-compartment model. A central core 
compartment, comprising the major trunk organs and 
the brain (the main sources of heat production), ac- 
counts for two-thirds of body heat content. Core body 
temperature is maintained within a narrow range 
(36.8-37.2°C), which facilitates optimal cellular en- 
zyme function. This range is known as the ‘interthresh- 
old range, temperatures within this range result in 
little homeostatic regulation. The peripheral compart- 
ment consists of skin and subcutaneous tissues over 
the body surface, and the limbs. It amounts to about 
one-third of total body heat content. In contrast with 
the core, peripheral tissues have wide variation in 
temperature, ranging from 2-3 °C below to more than 
20°C below core temperature in extreme conditions. 
Peripheral tissue acts as a heat sink to absorb or give 
up heat in an attempt to maintain core temperature 
within its narrow range. 


Heat Balance 
Thermogenesis 


Maintaining core temperature within a narrow range 
requires balancing heat production and loss. It is 
achieved by a control system consisting of afferent 
thermal receptors, central integrating systems and 
efferent control mechanisms (Fig. 11.11). It was for- 
merly believed that the spinal cord and brainstem were 
passive conductors of afferent signals to the preoptic 
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Non-shivering thermogenesis Behaviour 
Behaviour 


FIGURE 11.11 Control of thermoregulation. 


area of the hypothalamus, but it is now accepted that 
thermoregulation is a ‘multi-level, multiple-input’ sys- 
tem with the spinal cord, nucleus raphe magnus and 
locus subcoeruleus involved both in generating affer- 
ent thermal signals and modulating efferent thermo- 
regulatory responses. 

Body heat is produced by metabolism, shivering and 
exercise. Basal metabolic rate cannot be manipulated 
by thermoregulatory mechanisms. Vasoconstriction 
and shivering are the principal autonomic mecha- 
nisms of preserving body heat and increasing heat 
production. 

Adjacent to the centre in the posterior hypothala- 
mus on which the impulses from cold receptors im- 
pinge, there is a motor centre for shivering. It is 
normally inhibited by impulses from the heat-sensitive 
area in the anterior hypothalamus, but when cold im- 
pulses exceed a certain rate, the motor centre for shiv- 
ering becomes activated by ‘spillover’ of signals and it 
sends impulses bilaterally into the spinal cord. Initially, 
this increases the tone of skeletal muscles throughout 
the body, but when this muscle tone increases above 
a specific level, shivering is observed. Shivering may 
increase heat production six-fold. 
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Non-shivering thermogenesis is also an important 
mechanism in increasing heat production, but is 
probably limited in its effectiveness to neonates. Its 
role in adult thermogenesis is thought to be minimal, 
increasing the rate of heat production by <10-15%, 
compared to the doubling seen in neonates. Non- 
shivering thermogenesis occurs mainly in brown 
adipose tissue (BAT). This subtype of adipose tissue 
contains large numbers of mitochondria in its cells, 
which are supplied by extensive SNS innervation. 
When sympathetic stimulation occurs, oxidative me- 
tabolism of the mitochondria is stimulated. However, 
it is uncoupled from phosphorylation, so that heat is 
produced instead of generating ATP. Exercise may 
increase heat production by as much as 20-fold for a 
short time at maximal intensity. 


Heat Loss 


Perioperative heat loss occurs predominantly by 
radiation (50-60%), convection (25-30%) evaporation 
(10-20%) and conduction (5%). Radiation is the major 
route of heat loss and is proportional to the difference 
in temperature between the patient and environment 
to the power of four. Conductive and convective heat 
losses are proportional to the difference between skin 
temperature and ambient temperature. Air flow accel- 
erates cooling at a rate proportional to the square root 
of the air velocity. Evaporative heat loss from skin is 
usually minimal (<5% of overall heat loss) as is evapo- 
ration from the respiratory tract in a warm operating 
theatre, particularly when using a heat and moisture 
filter in the breathing system. Evaporative losses may 
become significant in surgery in which warm moist 
viscera are exposed to the air, e.g. laparotomy, and fol- 
lowing the application of cleaning fluids (particularly 
alcoholic), when the latent heat of vaporization draws 
heat from the body to lower core temperature by as 
much as 0.2-0.4°Cm™. 


Thermoregulation 


Thermoregulation is achieved by a physiological 
control system consisting of peripheral and central 
thermoreceptors, an integrating control centre and 
efferent response systems (see Fig. 11.11). 


Thermoreceptors. Afferent thermal input comes from 
anatomically distinct cold and heat receptors, located 


predominantly in the skin, but also centrally. The af- 
ferent thermal input comes from both core (80%) and 
peripheral (20%) compartments. The peripheral input 
is by thermally sensitive receptors located in the skin 
and mucous membranes, while core input occurs from 
thermoreceptors located in the hypothalamus itself 
(20%), brain (20%), spinal cord (20%), and thoracic 
and abdominal tissue (20%). Cold-specific receptors 
are innervated by A6 fibres. Heat receptors are inner- 
vated by C fibres. Cold receptors in the skin outnumber 
heat receptors 10-fold and are the major mechanism by 
which the body protects itself against cold temperatures. 
Afferent input from these cold receptors in the skin is 
transmitted ultimately to the posterior hypothalamus. 

Afferent thermal signals provide feedback to tem- 
perature-regulating centres in the hypothalamus. The 
preoptic area of the hypothalamus contains tempera- 
ture-sensitive and temperature-insensitive neurones. 
The temperature-sensitive neurones, which predomi- 
nate by 4:1, increase their discharge rate in response to 
increased local heat and this activates heat loss mecha- 
nisms. Conversely, cold-sensitive neurones increase their 
rate of discharge in response to cooling. Detection of 
cold differs from detection of heat, in that the principal 
mechanism of detection of cold is input from cutaneous 
cold receptors. At normothermia, most afferent input 
comes from cold receptors. Blockade of this afferent in- 
put by regional anaesthesia explains why the lower limbs 
are often perceived by the patient as feeling warm when 
epidural or spinal anaesthesia is established. 


Central Control. The central control mechanism, 
situated in the hypothalamus, determines mean body 
temperature by integrating thermal signals from pe- 
ripheral and core structures and comparing mean 
body temperature with a predetermined ‘set point’ 
temperature. The set point or physiological ‘thermostat’ 
of the thermoregulatory system is the temperature 
at which the system requires zero action to maintain 
that temperature (36.8-37.2°C). The limits of this 
range represent the thresholds at which cold or heat 
responses are instigated, and hence it has been termed 
the ‘interthreshold range’. Normally it is <1°C, but this 
increases to 4°C during general anaesthesia. 


Effector Mechanisms. The most effective mechanisms 
for controlling body temperature are behavioural. 
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In extreme cold conditions, vasoconstriction and shivering 
are of limited effect compared to behavioural measures 
such as taking shelter and wearing protective clothing. 

Physiological responses to heat result in vasodila- 
tation and sweating which are the major autonomic 
mechanisms of increasing heat loss. Maximal sweating 
rates may reach over 1 Lh for a short time, resulting 
in heat loss of up to 15 times BMR. 

Physiological responses to cold are generally of 
more relevance to anaesthesia because hypothermia is 
common during most procedures. In normal adults, 
the first response to a decrease in core temperature 
below the normal range (36.5-37.5°C) is peripheral 
vasoconstriction. If core temperature continues to 
decrease, shivering commences. Vasoconstriction and 
shivering are characterized by threshold onset, gain and 
maximal response intensity. Threshold is the tempera- 
ture at which the effector is activated. Gain is the rate 
of response to a given decrease in core temperature. 
Normally, the threshold core temperature for thermo- 
regulatory vasoconstriction is 36.5°C, with shivering 
commencing at 36.0—36.2 °C. 


Measurement of Temperature 


Core temperature may be evaluated reliably by an 
infrared thermometer at the tympanic membrane 
(provided that the external auditory meatus is free of 
ear wax) or by thermocouples positioned in the distal 
oesophagus, nasopharynx or pulmonary artery. Skin 
surface temperature varies with ambient temperature 
and induction of anaesthesia, and is usually also mea- 
sured with a thermocouple. Rectal and bladder tem- 
perature may lag behind changes in core temperature 
because these organs are not perfused well enough to 
reflect rapid changes in body heat content. 


Effect of General Anaesthesia on 
Thermoregulation 


General anaesthesia has a number of effects on homeo- 
static mechanisms controlling thermoregulation which 
combine to cause hypothermia and impair the mecha- 
nisms which would normally limit the associated heat loss. 


Widening of the Interthreshold Range 


As discussed above, the interthreshold range is a nar- 
row range of core temperature within which thermo- 
regulatory mechanisms are relatively quiescent. 
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FIGURE 11.12 
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Thresholds for thermoregulatory effectors. (A) Under normal conditions, the range of core temperatures 


within which no effector is active, i.e. normal temperature, is approximately 0.5 °C. (B) During general anaesthesia, the range of 
core temperatures within which no effector is active is increased to approximately 4.0 °C. 


General anaesthesia causes a dose-dependent widening 
of this interthreshold range, with an increase in the 
temperature at which thermoregulatory responses to 
heat are activated and an even greater reduction in the 
temperature at which thermoregulatory responses to 
cold are activated. Typically, the interthreshold range 
widens by about 4°C, with the body becoming poiki- 
lothermic within this temperature range (Fig. 11.12). 
However, once core temperature falls outside this 
range, the gain (the rate of response to a given decrease 
in core temperature) and maximal response intensity 
of homeostatic mechanisms are unaffected. All general 
anaesthetic agents, both volatile and intravenous, im- 
pair thermoregulatory responses to a similar, but not 
identical, extent. 


Stages of Hypothermia 


Mild hypothermia during general anaesthesia fol- 
lows a distinctive pattern and occurs in three phases 
(Fig. 11.13): 


Phase 1 (Redistribution Stage). Under normal con- 
ditions, the temperature gradient between core and 
peripheral compartments is maintained by tonic 


vasoconstriction. On induction of anaesthesia, 
normal vasoconstrictor tone is reduced, and vaso- 
dilatation occurs, allowing heat to flow down its 
concentration gradient from the warm core to the 
cooler periphery, resulting in a mild core hypother- 
mia (core temperature about 35.5-36.0°C). This 
core hypothermia occurs because of redistribution of 
body heat on induction of anaesthesia, and overall 
heat loss from the body is minimal. Redistribution 
hypothermia results in an initial rapid decrease in 
core temperature of approximately 1°C over the 
first 30 min, but mean body temperature and body 
heat content remain constant during this 30min 
(Fig. 11.14). 

There are a number of factors which affect the 
magnitude of this initial phase 1 hypothermia. 


m The greater the temperature gradient between 
the core and periphery, the greater is the decrease 
in core temperature. Patients who have been 
left in a cold reception room, for example, will 
have a relatively cold peripheral compartment 
and will suffer a greater degree of redistribution 
hypothermia. 
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FIGURE 11.13 ® Characteristic patterns of hypothermia during general anaesthesia (GA) alone, epidural or spinal anaesthesia 


alone and combined general and epidural anaesthesia. Patients in this last category are more likely to develop profound hypo- 
thermia than others (see text). 


At rest 20min post-induction Established hypothermia 
(phase 1) (phase 3) 
Core = 66% Core = 71% Core <66% 
Periphery = 34% Periphery = 29% Periphery >34% 


FIGURE 11.14 ® Typical perioperative changes in core and peripheral compartment sizes. 
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m Patients who are obese tend to be chronically 
vasodilated and have a warm peripheral com- 
partment. Consequently, they suffer less vaso- 
dilatation on induction of anaesthesia and the 
reduced core-peripheral gradient also limits the 
magnitude of the redistribution hypothermia. 

= Neonates, and to a lesser extent children, have 
a much smaller peripheral compartment than 
adults and any decrease in core temperature on 
induction of anaesthesia is likely to be true heat 
loss rather than redistribution hypothermia. 


Phase 2 (Heat Loss>Heat Production). Phase 2 is a 
slower linear decrease in core temperature to 34—35 °C 
over the next 2h and occurs as a result of heat loss ex- 
ceeding heat production. General anaesthesia reduces 
metabolic heat production by 15-40%, particularly 
through decreased brain metabolism and reduced re- 
spiratory muscle activity. Increased heat loss occurs 
through peripheral vasodilatation, evaporative heat 
loss from the body surface, and evaporative losses 
from exposed body cavities (some animal studies have 
shown that as much as 50% of total heat loss can come 
from exposed bowel). 


Phase 3 (Plateau Phase). Phase 3 is a core tempera- 
ture plateau (or thermal equilibrium), where heat loss 
equals heat production (either metabolic or warming 
devices) (Fig. 11.14). This core temperature plateau re- 
sults largely from thermoregulatory vasoconstriction, 
triggered by a core temperature of 33-35°C. Patients 
with impaired autonomic responses (e.g. elderly, dia- 
betics, Parkinson’s disease, Shy-Drager syndrome, etc.) 
are less able to establish effective vasoconstriction and 
in these patients, establishment of a plateau phase may 
be delayed or even absent. 


Effect of Regional Anaesthesia on 
Thermoregulation 


Regional anaesthesia has a similar effect to general 
anaesthesia on thermoregulation and hypothermia. 
Regional anaesthesia widens the interthreshold range. 
The reasons for this are not clear, but are probably 
related to a blockade of afferent input to the hypo- 
thalamus. As with general anaesthesia, redistribution 
of body heat during spinal or epidural anaesthesia is 
the main cause of hypothermia. Because redistribution 
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during spinal or epidural anaesthesia is confined 
usually to the lower half of the body, the initial core 
hypothermia is not as pronounced as in general anaes- 
thesia (approximately 0.5°C). Otherwise, the pattern 
of hypothermia during spinal or epidural anaesthe- 
sia is similar to that seen during general anaesthesia 
for the first two phases. The major difference for spi- 
nal or epidural anaesthesia is that the plateau phase 
does not emerge because vasoconstriction is blocked 
(see Fig. 11.13). Heat loss continues unabated during 
epidural anaesthesia despite the activation of effector 
mechanisms above the level of the block. Therefore, 
patients undergoing long procedures with combined 
general and epidural anaesthesia are at risk of a greater 
degree of hypothermia. 


Consequences of Perioperative 
Hypothermia 


In specific circumstances, hypothermia may have a 
protective effect in terms of reducing basal metabolic 
rate. The use of moderate hypothermia is routine prac- 
tice in many centres during cardiopulmonary bypass. 
It is generally agreed, however, that, in most situations, 
the deleterious consequences of mild hypothermia 
outweigh the potential benefits, with evidence emerg- 
ing that hypothermia per se is responsible for adverse 
postoperative outcomes. In particular, hypothermic 
patients are more likely than normothermic patients 
to have postoperative wound infections. The initial 
3—4h after bacterial contamination are thought to be 
crucial in determining whether clinical infection en- 
sues. In vitro studies suggest that platelet function and 
coagulation are impaired by hypothermia, and mildly 
hypothermic patients lose >25% more blood in the 
perioperative period than do normothermic patients. 
In addition, perioperative thermal discomfort is often 
remembered by patients as the worst aspect of their 
perioperative experience (Table 11.5). 


Physical, Active and Passive Strategies for 
Avoiding Perioperative Hypothermia 


Preventing redistribution-induced hypothermia may 
be achieved by physical and pharmacological means 
(Table 11.6). Redistribution of heat results when 
anaesthetic-induced vasodilatation allows heat to flow 
from the core to the periphery down its concentra- 
tion gradient. Pre-emptive skin surface warming does 
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Consequences of Perioperative Hypothermia 


CO], HRJ, BPI 
PR durationf, 
QRS durationf, 
QT prolongation, 


Cardiac 


J waves 
Viscosity 
Cardiac workt 
MI riskt 


Respiratory Increased dead space 


Respiratory fatigue 


Wound infection Caused by vasoconstriction and hence 


low tissue oxygen tension (P O,) 


Prolonged drug action 


Negative nitrogen balance, metabolism], 8% per 1 °C below 
normal temperature 


Prolonged coagulation 


DVT/PE riskt 


Oxyhaemoglobin dissociation curve shifted to right 


Stress responsef 


Patient discomfort/shivering 


TABLE 11.6 


Strategies for Prevention of Perioperative 
Hypothermia 


Intraoperative use of forced air convective warming device 


Reflective space blankets 


Heating and humidifying inspired gases 


Increased ambient temperature to 23 °C 


Warmed i.v. fluids 


not increase core temperature but increases body heat 
content, particularly in the legs, and removes the gra- 
dient for heat loss via the skin. However, this approach 
is rarely used in clinical practice because it requires 1h 
of prewarming. This is unfortunate because it is a far 
more effective method of minimizing peri-operative 
hypothermia than trying to rewarm patients who have 
become hypothermic. 

Passive insulation with a single layer of any insulat- 
ing material reduces cutaneous heat loss by 30-50%. 
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Because only 10% of metabolic heat production is lost 
in heating and humidifying inspired gases, this method 
is relatively ineffective. Heat and moisture exchange 
filters retain significant amounts of moisture and heat 
within the respiratory system, but are only 50% as ef- 
fective as active mechanisms. Ambient temperature 
determines the rate of heat loss by radiation and con- 
vection and maintains normothermia if close to ini- 
tial, preinduction, core temperature (36°C). However, 
this is usually impractical, as operating room staff find 
this temperature uncomfortable. Water mattresses are 
demonstrably ineffective at preventing heat loss, pos- 
sibly because relatively little heat is lost from the back. 
Moreover, decreased local tissue perfusion associated 
with local temperatures of 40°C may lead to skin ne- 
crosis. Heat loss may be reduced if intravenous fluids 
are warmed before or during administration. 

Forced air warming systems are undoubtedly the 
best way to maintain normothermia during long 
procedures and are particularly effective when used 
intra-operatively for vasodilated patients, allowing heat 
applied peripherally to be transferred rapidly to the 
core. Their use increases core temperature and reduces 
the incidence of postanaesthetic shivering (Table 11.6). 


Postanaesthetic Shivering 


Postanaesthetic shivering affects up to 65% of 
patients after general anaesthesia and 33% during epi- 
dural or regional anaesthesia. It is usually defined as 
readily detectable tremor of the face, jaw, head, trunk 
or extremities lasting longer than 15s. Apart from 
the obvious discomfort, postanaesthetic shivering, in 
common with hypothermia, is associated with sev- 
eral potentially deleterious sequelae (see Table 11.5). 
Postanaesthetic shivering is usually preceded by core 
hypothermia and vasoconstriction. Two patterns of 
muscular activity, seen in electromyography studies, 
contribute to the phenomenon of postanaesthetic 
shivering; first, a tonic pattern (4-8 cycles min“! char- 
acteristic of the response to hypothermia in awake pa- 
tients) is observed, and then a phasic (6-7 Hz) pattern 
resembling clonus. 

While hypothermia is one factor in the aetiology of 
postanaesthetic shivering, not all patients who shiver 
are hypothermic. Studies on postoperative patients 
have indicated that male gender, age (16-60 years) 
and anticholinergic premedication are risk factors for 
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TABLE 11.7 


Treatment of Postanaesthetic Shivering 


Pethidine 0.33 mgkg" (other opioids to a lesser extent) 


Doxapram 1.5 mgkg" 


Clonidine 2pgkg" 


Methylphenidate 0.1 mgkg"! 
Physostigmine 0.04mg kg"! 


Ondansetron 0.1 mgkg" 


postanaesthetic shivering, while the intraoperative use 
of pethidine virtually abolishes it. The use of propofol 
reduces the incidence of postoperative shivering com- 
pared with thiopental. 

Postoperative shivering should not be treated in 
isolation from perioperative hypothermia. Not all pa- 
tients who shiver are hypothermic, but most are, and 
successful treatment of shivering in these patients 
without concomitant management of hypothermia 
may result in deepening hypothermia. However, the 
mainstay of symptomatic treatment of postoperative 
shivering is radiant heating, forced air rewarming or 
pharmacological methods (Table 11.7). 

A wide range of drugs is effective and it would be 
surprising if all worked on a single part of the thermo- 
regulatory mechanism. Pethidine is remarkably effec- 
tive in treating postoperative shivering, 25mg being 
sufficient in the majority of adults. There is evidence 
that this may be the result of an action at the k-opioid 
receptor. 
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One hypothesis for the mechanism of postanaes- 
thetic shivering is that, because the brain recovers 
later than the spinal cord, uninhibited spinal clonic 
tremor occurs, resulting in shivering. Consistent with 
this hypothesis, doxapram (a cerebral stimulant) 
has also been shown to be an effective treatment, 
but it is not as effective as pethidine. Various drugs, 
the mechanisms of action of which are unclear, are 
also effective. Physostigmine prevents the onset of 
postanaesthetic shivering, implying that choliner- 
gic pathways are involved in the thermoregulatory 
mechanisms which lead to shivering. Clonidine, an 
a, -adrenergic agonist and ondansetron, a seroton- 
ergic antagonist, are also effective. 
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T he realization that the enzyme systems and meta- 
bolic processes responsible for the maintenance of cel- 
lular function are dependent on an environment with 
stable electrolyte and hydrogen ion concentrations led 
Claude Bernard to describe the ‘milieu interieur’ over 
100 years ago. Complex homeostatic mechanisms have 
evolved to maintain the constancy of this internal en- 
vironment and thus prevent cellular dysfunction. 


BASIC DEFINITIONS 


Osmosis refers to the movement of solvent molecules 
across a membrane into a region in which there is a 
higher concentration of solute. This movement may 
be prevented by applying a pressure to the more 
concentrated solution — the effective osmotic pres- 
sure. This is a colligative property; the magnitude of 
effective osmotic pressure exerted by a solution de- 
pends on the number rather than the type of particles 
present. 

The amounts of osmotically active particles pres- 
ent in solution are expressed in osmoles. One osmole 
of a substance is equal to its molecular weight in grams 
(1 mol) divided by the number of freely moving par- 
ticles which each molecule liberates in solution. Thus, 
180g of glucose in 1L of water represents a solution 
with a molar concentration of 1molL” and an osmo- 
larity of losmolL™. Sodium chloride ionizes in so- 
lution and each ion represents an osmotically active 
particle. Assuming complete dissociation into Na* 
and Cl, 58.5g of NaCl dissolved in 1L of water has 
a molar concentration of 1 molL™ and an osmolarity 
of 2 0smol L~. In body fluids, solute concentrations are 
much lower (mmol L~) and dissociation is incomplete. 


FLUID, ELECTROLYTE 
AND ACID-BASE BALANCE 


Consequently, a solution of NaCl containing 1 mmol L~ 
contributes slightly less than 2 mosmol L~. 

The term osmolality refers to the number of os- 
moles per unit of total weight of solvent, whereas 
osmolarity refers to the number of osmoles per litre 
of solvent. Osmolality (unlike osmolarity), is not af- 
fected by the volume of various solutes in solution. 
Confusion regarding the apparently interchangeable 
use of the terms osmolarity (measured in osmolL”) 
and osmolality (measured in osmolkg") is caused by 
their numerical equivalence in body fluids; plasma os- 
molarity is 280-310 mosmol L“ and plasma osmolality 
is 280-310 mosmolkg"'. This equivalence is explained 
by the almost negligible solute volume contained in 
biological fluids and the fact that most osmotically ac- 
tive particles are dissolved in water, which has a den- 
sity of 1 (i.e. osmol L'=osmolkg”). As the number of 
osmoles in plasma is estimated by measurement of the 
magnitude of freezing point depression, the more ac- 
curate term in clinical practice is osmolality. 

Cations (principally Na*) and anions (Cl and 
HCO,) are the major osmotically active particles in 
plasma. Glucose and urea make a smaller contribution. 
Plasma osmolality (P may be estimated from the 
formula: 


Oem) 


Posy = 2[Na*] (mmol L™)+ blood glucose(mmol L`) 
+blood urea(mmolL") = 290mosmolkg™ 


Osmolality is a chemical term and may be con- 
fused with the physiological term, tonicity. This term 
is used to describe the effective osmotic pressure of a 
solution relative to that of plasma. The critical differ- 
ence between osmolality and tonicity is that all solutes 
contribute to osmolality, but only solutes that do not 
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cross the cell membrane contribute to tonicity. Thus, 
tonicity expresses the osmolal activity of solutes re- 
stricted to the extracellular compartment, i.e. those 
which exert an osmotic force affecting the distribution 
of water between intracellular fluid (ICF) and extra- 
cellular fluid (ECF). As urea diffuses freely across cell 
membranes, it does not alter the distribution of water 
between these two body fluid compartments and does 
not contribute to tonicity. Other solutes that contrib- 
ute to plasma osmolality but not tonicity include eth- 
anol and methanol, both of which distribute rapidly 
throughout the total body water. In contrast, mannitol 
and sorbitol are restricted to the ECF and contribute 
to both osmolality and tonicity. The tonicity of plasma 
may be estimated from the formula: 


plasma tonicity = 2[ Na* |(mmol aa 
+blood glucose (mmol L") 
=285mosmolkg" 


COMPARTMENTAL DISTRIBUTION 
OF TOTAL BODY WATER 


The volume of total body water (TBW) may be mea- 
sured using radioactive dilution techniques involving 
either deuterium or tritium, both of which cross all 
membranes freely and equilibrate rapidly with hydro- 
gen atoms in body water. Such measurements show 
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that approximately 60% of lean body mass (LBM) is 
water in the average 70kg male adult. As fat contains 
little water, females have proportionately less TBW 
(55%) relative to LBM. TBW decreases with age, de- 
creasing to 45-50% in later life. 

The distribution of TBW between the main body 
compartments is illustrated in Figure 12.1. One-third 
of TBW is contained in the extracellular fluid volume 
(ECFV) and two-thirds in the intracellular fluid vol- 
ume (ICFV). The ECFV is subdivided further into the 
interstitial and intravascular compartments. In addi- 
tion to the absolute volumes of each compartment, 
Figure 12.1 shows the relative size of each compart- 
ment compared with body weight. 


SOLUTE COMPOSITION OF BODY 
FLUID COMPARTMENTS 


Extracellular Fluid 


The capillary endothelium behaves as a freely perme- 
able membrane to water, cations, anions and many 
soluble substances such as glucose and urea (but not 
protein). As a result, the solute compositions of in- 
terstitial fluid and plasma are similar. Each contains 
sodium as the principal cation and chloride as the 
principal anion. Protein behaves as a non-diffusible 
anion and is present in a higher concentration in 


28L 
Intracellular 
fluid volume BW x0.4 
Total 42L fe tik 
Interstitial 
body fluid volume 
water BW x 0.6 BW x 0.15 
Extracellular His 
fluid volume BW x 0.2 
3L 
Intravascular 
fluid volume BW x 0.05 
FIGURE 12.1 Distribution of total body water in a 70 kg male, and related to body weight (BW). 
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FIGURE 12.2 ™ Principal solute composition of body fluid 
compartments. All concentrations are expressed in mmol L“. 


plasma. The concentration of Cl is slightly higher in 
interstitial fluid in order to maintain electrical neutral- 
ity (Donnan equilibrium). 


Intracellular Fluid 


This differs from ECF in that the principal cation is po- 
tassium and the principal anion is phosphate. In addi- 
tion, there is a high protein content. In contrast to the 
capillary endothelium, the cell membrane is perme- 
able selectively to different ions and freely permeable 
to water. Thus, equalization of osmotic forces occurs 
continuously and is achieved by the movement of wa- 
ter across the cell membrane. The osmolalities of ICF 
and ECF at equilibrium must be equal. Water moves 
rapidly between ICF and ECF to eliminate any induced 
osmolal gradient. This principle is fundamental to an 
understanding of fluid and electrolyte physiology. 

Figure 12.2 shows the solute composition of the 
main body fluid compartments. Although the total con- 
centration of intracellular ions exceeds that of extracel- 
lular ions, the numbers of osmotically active particles 
(and thus the osmolalities) are the same on each side of 
the cell membrane (290 mosmolkg" of solution). 


WATER HOMEOSTASIS 


Normal day-to-day fluctuations in TBW are small 
(<0.2%) because of a fine balance between input, 
controlled by the thirst mechanisms, and output, con- 
trolled mainly by the renal-ADH (antidiuretic hor- 
mone) system. 

The principal sources of body water are ingested 
fluid, water present in solid food and water produced as 
an end-product of metabolism. Intravenous fluids are 
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FIGURE 12.3 
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Daily water balance. Input and output in 


another common source in hospital patients. Actual 
and potential outlets for water are classified convention- 
ally as sensible and insensible losses. Insensible losses 
emanate from the skin and lungs; sensible losses oc- 
cur mainly from the kidneys and gastrointestinal tract. 
Figure 12.3 depicts the daily water balance in a 70kg 
adult in whom input and output balance. It should be 
noted that sources of potential loss are not evident in 
this diagram. For example, over 5L of fluid are secreted 
daily into the gut in the form of saliva, bile, gastric juices 
and succus entericus, yet only 100 mL of fluid is present 
in faeces. This illustrates the potential that exists for sig- 
nificant fluid loss in the presence of disease. 


PRACTICAL FLUID BALANCE 


Calculation of the daily prescription of fluid is an 
arithmetic exercise to balance the input and output of 
water and electrolytes. 

Table 12.1 shows the electrolyte contents of five 
intravenous solutions used commonly in the United 
Kingdom. These solutions are adequate for most 
clinical situations. Two self-evident but important 
generalizations may be made regarding solutions for 
intravenous infusion. 


Rule 1. All infused Na* remains in the ECF; Na* cannot 
gain access to the ICF because of the sodium pump. 
Thus, if saline 0.9% is infused, all Na* remains in the 
ECE As this is an isotonic solution, there is no change 
in ECF osmolality and therefore no water exchange 
occurs across the cell membrane. Thus, saline 0.9% 
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TABLE 12.1 


Electrolyte Contents of Commonly Used Intravenous Fluids 


Solution Electrolyte Content (mmol L~') Osmolality (mosmol kg’) 
Saline 0.9% (‘normal saline’) Nat 154 ch 154 308 
Saline 0.45% (‘half-normal saline’) Nat 77 cr 77 154 
Glucose 4%/saline 0.18% (glucose-saline) Na* 31 ch 31 284 
Glucose 5% Nil 278 
Compound sodium lactate (Hartmann’s Nat 131 ch 112 281 
solution) K* 5 HCO; (as lactate) 29 


expands ECFV only. However, if saline 0.45% is given, 
ECF osmolality decreases; this causes a shift of water 
from ECF to ICE If saline 1.8% is administered, all Na* 
remains in the ECF, its osmolality increases and water 
moves from ICF to ECF to maintain osmotic equality. 


Rule 2. Water without sodium expands the TBW. After 
infusion of a solution of glucose 5%, the glucose enters 
cells and is metabolized. The infused water enters both 
ICF and ECF in proportion to their initial volumes. 

Table 12.2 illustrates the results of infusion of 1 L of 
saline 0.9%, saline 0.45% or glucose 5% in a 70 kg adult. 

Assessment of daily fluid requirements may be 
allocated usefully into three processes: 


m normal maintenance needs 

m abnormal losses resulting from the underlying 
pathology 

m correction of pre-existing deficits. 


TABLE 12.2 


Compartmental Expansion Resulting from Infusion 
of 1L of Saline 0.9%, Saline 0.45% or Glucose 5% 


CHANGE IN 
VOLUME (ML) 


Intravenous Infusion 


of 1000 mL ECF ICF Remarks 

Saline 0.9% +1000 0 Na* remains 
in ECF 

Glucose 5% +333 +666 66% of TBW 
is ICF 

Saline 0.45% +666 +333 33% of TBW 
is ECF 


Normal Maintenance Needs 


Water. Regardless of the disease process, water and 
electrolyte losses occur in urine and as evapora- 
tive losses from skin and lungs. It is evident from 
Figure 12.3 that a normothermic 70kg patient with 
a normal metabolic rate may lose 2500mL of water 
per day. Allowing for a gain of 400mL from water 
of metabolism, this hypothetical patient needs about 
2000 mL day" of water. As a rule of thumb, a volume 
of 30-35 mL kg” day"! of water is a useful estimate for 
daily maintenance needs. 

Sodium. The normal requirement is 1mmolkg" 
day"! (50-80 mmol day~') for adults. 

Potassium. The normal requirement is 1 mmol kg“ 
day"! (50-80 mmol day’) for adults. 

Thus, a 70kg patient requires daily provision of 
2000-2500 mL of water and approximately 70 mmol 
each of Na* and K*. This could be administered as one 
of the following: 


m 2000 mL of glucose 5% + 500 mL of saline 0.9% 

m 2500mL of glucose 4%/saline 0.18%; plus 
potassium as KCl, 1g (13 mmol) added to each 
500 mL of fluid. 


Abnormal Losses 


These are common in surgical patients. They may be 
sensible or insensible and either overt or covert. 
Losses from the gut are common, e.g. nasogastric 
suction, diarrhoea and vomiting or sequestration of 
fluid within the gut lumen (e.g. intestinal obstruc- 
tion). Although the composition of gastrointestinal 
secretions is variable, replacement should be with sa- 
line 0.9% with 13-26mmolL" of potassium as KCl. 


If losses are considerable (>1000mL day”), a sample 
of the appropriate fluid should be sent for biochemi- 
cal analysis so that electrolyte replacement may be 
rationalized. 

Increased insensible losses from the skin and lungs 
occur in the presence of fever or hyperventilation. The 
usual insensible loss of 0.5 mL kg" h” increases by 12% 
for each °Celsius rise in body temperature. 

Sequestration of fluid at the site of operative trauma 
is a form of fluid loss which is common in surgical pa- 
tients. Plasma-like fluid is sequestered in any area of 
tissue injury; its volume is proportional to the extent 
of trauma. This fluid is frequently referred to as ‘third- 
space’ loss because it ceases to take part in normal 
metabolic processes. However, it is not contained in 
an anatomically separate compartment; it represents 
an expansion of ECFV. Third-space losses are not 
measured easily. Sequestered fluid is reabsorbed after 
48-72 h. 


Existing Deficits 
These occur preoperatively and arise primarily from 
the gut. The difficulty in correcting these deficits re- 
lates to an inability to quantify their magnitude ac- 
curately. Fluid and electrolyte deficits occur directly 
from the ECE. If the fluid lost is isotonic, only ECFV is 
reduced; however, if water alone or hypotonic fluid is 
lost, redistribution of the remaining TBW occurs from 
ICF to ECF to equalize osmotic forces. 

Dehydration with accompanying salt loss is a com- 
mon disorder in the acutely ill surgical patient. 


Assessment of Dehydration 


This is a clinical assessment based upon the following. 

History. How long has the patient had abnormal 
loss of fluid? How much has occurred, e.g. volume and 
frequency of vomiting? 

Examination. Specific features are thirst, dryness 
of mucous membranes, loss of skin turgor, orthostatic 
hypotension or tachycardia, reduced jugular venous 
pressure (JVP) or central venous pressure (CVP) and 
decreased urine output. In the presence of normal re- 
nal function, dehydration is associated usually with a 
urine output of less than 0.5mLkg"h". The severity 
of dehydration may be described clinically as mild, 
moderate or severe and each category is associated 
with the following water loss relative to body weight: 
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= mild: loss of 4% body weight (approximately 3 L 
in a 70kg patient) — reduced skin turgor, sunken 
eyes, dry mucous membranes 

m moderate: loss of 5-8% body weight (approxi- 
mately 4—6 L in a 70 kg patient) — oliguria, ortho- 
static hypotension and tachycardia in addition to 
the above 

m severe: loss of 8-10% body weight (approxi- 
mately 7 L in a 70kg patient) — profound oliguria 
and compromised cardiovascular function. 


Laboratory Assessment 


The degree of haemoconcentration and increase in al- 
bumin concentration may be helpful in the absence of 
anaemia and hypoproteinaemia. Increased blood urea 
concentration and urine osmolality (>650mosmolkg") 
confirm the clinical diagnosis. 


Perioperative Fluid Therapy 


In addition to normal maintenance requirements of 
water and electrolytes, patients may require fluid in 
the perioperative period to restore TBW after a period 
of fasting and to replace small blood losses, loss of ECF 
into the ‘third space’ and losses of water from the skin, 
gut and lungs. 

Blood losses in excess of 15% of blood volume in 
the adult are usually replaced by infusion of stored 
blood. Smaller blood losses may be replaced by a crys- 
talloid electrolyte solution such as compound sodium 
lactate; however, because these solutions are distrib- 
uted throughout ECF, blood volume is maintained 
only if at least three times the volume of blood loss 
is infused. Alternatively, a colloid solution (human 
albumin solution or more usually a synthetic substi- 
tute) may be infused in a volume equal to that of the 
estimated loss. 

Third-space losses are usually replaced as compound 
sodium lactate. In abdominal surgery (e.g. cholecys- 
tectomy), a volume of 5mLkg*h" during operation, 
in addition to normal maintenance requirements (ap- 
proximately 1.5mLkg*h') and blood loss replace- 
ment, is usually sufficient. Larger volumes may be 
required in more major procedures, but one should be 
guided by measurement of CVP or other measures of 
preload. 

In the postoperative period, normal maintenance 
fluids should be administered (see above). Additional 
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fluid (given as saline 0.9% or compound so- 
dium lactate) may be required in the following 
circumstances: 


m if blood or serum is lost from drains (colloid so- 
lutions should be used if losses exceed 500 mL) 

m if gastrointestinal losses continue, e.g. from a 
nasogastric tube or a fistula 

m after major surgery (e.g. oesophagectomy, total 
gastrectomy, aortic aneurysm repair), when ad- 
ditional water and electrolytes may be required 
for 24-48h to replace continuing third-space 
losses 

= during rewarming if the patient has become 
hypothermic during surgery. 


Normally, potassium is not administered in the 
first 24h after surgery as endogenous release of po- 
tassium from tissue trauma and catabolism war- 
rants restriction. The postoperative patient differs 
from the ‘normal’ patient in that the stress reaction 
modifies homeostatic mechanisms; stress-induced 
release of ADH, aldosterone and cortisol causes 
retention of Na* and water and increased renal 
excretion of potassium. However, restriction of fluid 
and sodium in the postoperative period is inappro- 
priate because of increased losses by evaporation 
and into the ‘third space’. 

This syndrome of inappropriate ADH secretion 
may persist for several days in elderly patients, who 
are at risk of symptomatic hyponatraemia if given 
hypotonic fluids in the postoperative period. Elderly, 
orthopaedic patients taking long-term thiazide 
diuretics are especially at risk if given 5% glucose 
postoperatively. Such patients may develop water 
intoxication and permanent brain damage as a result 
of relatively modest reductions in serum sodium 
concentration. 

After major surgery, assessment of fluid and elec- 
trolyte requirements is achieved best by measurement 
of CVP and serum electrolyte concentrations. Fluid 
and electrolyte requirements in infants and small chil- 
dren differ from those in the adult (see Ch 36). 

Patients with renal failure require fluid replacement 
for abnormal losses, although the total volume of fluid 
infused should be reduced to a degree determined by 
the urine output. 
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SODIUM AND POTASSIUM 


Sodium Balance 


Daily ingestion amounts to 50-300mmol. Losses 
in sweat and faeces are minimal (approximately 
10mmol day!) and the kidney makes final adjust- 
ments. Urine sodium excretion may be as little as 
2mmol day" during salt restriction or may exceed 
700 mmol day“ after salt loading. Sodium balance is 
related intimately to ECFV and water balance. 


Disorders of Sodium/Water Balance 
Hypernatraemia 


Hypernatraemia is defined as a plasma sodium con- 
centration of more than 150 mmol L~” and may result 
from pure water loss, hypotonic fluid loss or salt gain. 
In the first two conditions, ECFV is reduced, whereas 
salt gain is associated with an expanded ECFV. For 
this reason, the clinical assessment of volaemic sta- 
tus is important in the diagnosis and management 
of hypernatraemic states. The common causes 
of hypernatraemia are summarized in Table 12.3. 
The abnormality common to all hypernatraemic 
states is intracellular dehydration secondary to ECF 
hyperosmolality. Primary water loss resulting in 


TABLE 12.3 


Causes of Hypernatraemia 
Pure Water Depletion 


Extrarenal loss Failure of water intake (coma, elderly, 
postoperative) 
Mucocutaneous loss 


Fever, hyperventilation, thyrotoxicosis 


Renal loss Diabetes insipidus (cranial, nephrogenic) 


Chronic renal failure 


Hypotonic Fluid Loss 


Extrarenal loss Gastrointestinal (vomiting, diarrhoea) 


Skin (excessive sweating) 


Renal loss Osmotic diuresis (glucose, urea, 


mannitol) 


Salt Gain 


latrogenic (NaHCO,, hypertonic saline) 
Salt ingestion 
Steroid excess 


hypernatraemia may occur during prolonged fever, 
hyperventilation or severe exercise in hot, dry cli- 
mates. However, a more common cause is the renal 
water loss that occurs when there is a defect in either 
the production or release of ADH (cranial diabetes 
insipidus) or an abnormality in response to ADH 
(nephrogenic diabetes insipidus). 

The administration of osmotic diuretics results tem- 
porarily in plasma hyperosmolality. An osmotic diuresis 
may occur also in hyperglycaemia. During an osmotic 
diuresis, the solute causing the diuresis (e.g. glucose, 
mannitol) constitutes a significant fraction of urine sol- 
ute, and the sodium content of the urine becomes hypo- 
tonic relative to plasma sodium. Thus, osmotic diuretics 
cause hypotonic urine losses which may result in hyper- 
natraemic dehydration. 

Hypertonic dehydration may occur also in paedi- 
atric patients. Diarrhoea, vomiting and anorexia lead 
to loss of water in excess of solute (hypotonic loss). 
Concomitant fever, hyperventilation and the use of 
high-solute feeds may combine to exaggerate the 
problem. ECFV is maintained by movement of water 
from ICF to ECF to equalize osmolality, and clinical 
evidence of dehydration may not be apparent until 
10-15% of body weight has been lost. Rehydration 
must be undertaken gradually to prevent the develop- 
ment of cerebral oedema. 

Measurement of urine and plasma osmolalities and 
assessment of urine output help in the diagnosis of 
hypernatraemic, volume-depleted states. If urine out- 
put is low and urine osmolality exceeds 800 mosmolkg", 
then both ADH secretion and the renal response to 
ADH are present. The most likely causes are extrarenal 
water loss (e.g. diarrhoea, vomiting or evaporation) or 
insufficient intake. High urine output and high urine 
osmolality suggest an osmotic diuresis. If urine osmo- 
lality is less than plasma osmolality, reduced ADH se- 
cretion or impairment of the renal response to ADH 
should be suspected; in both cases, urine output is high. 

Usually, hypernatraemia caused by salt gain is iat- 
rogenic in origin. It occurs when excessive amounts 
of hypertonic sodium bicarbonate are administered 
during resuscitation or when isotonic fluids are given 
to patients who have only insensible losses. Treatment 
comprises induction of a diuresis with a loop diuretic 
if renal function is normal; urine output is replaced 
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in part with glucose 5%. Dialysis or haemofiltration is 
necessary in patients with renal dysfunction. 


Consequences of Hypernatraemia. The major clinical 
manifestations of hypernatraemia involve the central 
nervous system. Severity depends on the rapidity with 
which hyperosmolality develops. Acute hypernatraemia 
is associated with a prompt osmotic shift of water from 
the intracellular compartment, causing a reduction in 
cell volume and water content of the brain. This results 
in increased permeability and even rupture of the capil- 
laries in the brain and subarachnoid space. The patient 
may present with pyrexia (a manifestation of impaired 
thermoregulation), nausea, vomiting, convulsions, 
coma and virtually any type of focal neurological 
syndrome. The mortality and long-term morbidity of 
sustained hypernatraemia (Na* >160mmolL7” for 
over 48h) is high, irrespective of the underlying aetiol- 
ogy. In many cases, the development of hypernatraemia 
can be anticipated and prevented, e.g. cranial diabetes 
insipidus associated with head injury, but in situations 
where preventative strategies have failed, treatment 
should be instituted without delay. 


Treatment of Hypernatraemia. The magnitude of 
the water deficit can be estimated from the measured 
plasma sodium concentration and calculated total 
body water: 


water deficit = (measured[Na* ]/140 x TBW) — TBW 


Thus, in a 75kg patient with a serum sodium of 
170mmolL": 


water deficit = (170/140 x 0.6 x 75) — (0.6 x75) 
=54.6—45 
= 9.6L 


For hypernatraemic patients without volume de- 
pletion, 5% glucose is sufficient to correct the water 
deficit. However, the majority of hypernatraemic pa- 
tients are frankly hypovolaemic and intravenous fluids 
should be prescribed to repair both the sodium and 
the water deficits. Regardless of the severity of the con- 
dition, isotonic saline is the initial treatment of choice 
in the volume-depleted, hypernatraemic patient, as 
even this fluid is relatively hypotonic in patients with 
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severe hypernatraemia. When volume depletion has 
been corrected, further repair of any water deficit may 
be accomplished with hypotonic fluids. Fluid therapy 
should be prescribed with the intention of correcting 
hypernatraemia over a period of 48—-72h to prevent 
the onset of cerebral oedema. 


Hyponatraemia 


This is defined as a plasma sodium concentration of 
less than 135 mmol L~”. Hyponatraemia is a common 
finding in hospital patients. It may occur as a result of 
water retention, sodium loss or both; consequently, it 
may be associated with an expanded, normal or con- 
tracted ECFV. As in hypernatraemia, the state of ECFV 
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is important in determining the cause of the electro- 
lyte imbalance. 

As plasma osmolality decreases, an osmolal gradi- 
ent is created across the cell membrane and results in 
movement of water into the ICF. The resulting expan- 
sion of brain cells is responsible for the symptomatol- 
ogy of hyponatraemia or ‘water intoxication’: nausea, 
vomiting, lethargy, weakness and obtundation. In se- 
vere cases (plasma Na* <115mmolL”"), seizures and 
coma may result. 

A scheme depicting the causes of hyponatraemia 
is shown in Figure 12.4. True hyponatraemia must be 
distinguished from pseudohyponatraemia. Sodium ions 
are present only in plasma water, which constitutes 93% 


HYPONATRAEMIA 


EVALUATION OF 
EXTRACELLULAR FLUID 
VOLUME 


HYPOVOLAEMIA HYPERVOLAEMIA NORMOVOLAEMIA 
(Oedema) 
Plasma osmolality 
Renal loss Extrarenal loss 
Congestive cardiac failure Low Normal 
Cirrhosis — SIADH — Pseudo- 
Nephrotic syndrome —  SIIVT hyponatraemia 
Diuretic abuse Diarrhoea — Drugs 
Hypoadrenalism Vomiting — Hypothyroid 
Salt-losing nephropathy Third-space losses — Stress (post-op) 
Renal tubular acidosis — Renal failure 


Urine sodium 
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FIGURE 12.4 


Dilutional syndromes 


Fluid restriction required 


Causes of hyponatraemia. 


of normal plasma. In the laboratory, the concentra- 
tion of sodium in plasma is measured in an aliquot of 
whole plasma and the concentration is expressed in 
terms of plasma volume (mmol L~ of whole plasma). 
If the percentage of water present in plasma is de- 
creased, as in hyperlipidaemia or hyperproteinae- 
mia, the amount of Na* in each aliquot of plasma is 
also decreased, even if its concentration in plasma 
water is normal. A clue to this cause of hyponatrae- 
mia is the finding of a normal plasma osmolality. 
Pseudohyponatraemia is not encountered when 
plasma sodium concentration is measured by in- 
creasingly used ion-specific electrodes, because this 
method assesses directly the sodium concentration 
in the aqueous phase of plasma. 

True hyponatraemic states may be classified conve- 
niently into depletional and dilutional types. Depletional 
hyponatraemia occurs when a deficit in TBW is associ- 
ated with an even greater deficit of total body sodium. 
Assessment of volaemic status reveals hypovolaemia. 
Losses may be renal or extrarenal. Excessive renal loss 
of sodium occurs in Addison’s disease, diuretic ad- 
ministration, renal tubular acidosis and salt-losing 
nephropathies; usually, urine sodium concentration 
exceeds 20mmol L~. Extrarenal losses occur usually 
from the gastrointestinal tract (e.g. diarrhoea, vomit- 
ing) or from sequestration into the ‘third space’ (e.g. 
peritonitis, surgery). Normal kidneys respond by con- 
serving sodium and water to produce a urine that is 
hyperosmolal and low in sodium. In both situations, 
treatment should be directed at expanding the ECFV 
with saline 0.9%. 

Dilutional hyponatraemic states may be associated 
with hypervolaemia and oedema or with normovolae- 
mia. Again, assessment of volaemic status is important. 
If oedema is present, there is an excess of total body 
sodium with a proportionately greater excess of TBW. 
This is seen in congestive heart failure, cirrhosis and 
the nephrotic syndrome and is caused by secondary 
hyperaldosteronism. Treatment comprises salt and 
water restriction and spironolactone. 

In normovolaemic hyponatraemia, there is a mod- 
est excess of TBW and a modest increase in ECFV 
associated with normal total body sodium. Pseudo- 
hyponatraemia is excluded by finding high protein or 
lipid levels and a normal plasma osmolality. True nor- 
movolaemic hyponatraemia is commonly iatrogenic 
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in origin. The syndrome of inappropriate intravenous 
therapy (SHVT) is caused usually by administration of 
intravenous fluids with a low sodium content to pa- 
tients with isotonic losses. 

A more chronic water overload may occur in pa- 
tients with hypothyroidism and in conditions associ- 
ated with an inappropriately elevated concentration 
of ADH. The syndrome of inappropriate ADH secre- 
tion (SIADH) is characterized by hyponatraemia, low 
plasma osmolality and an inappropriate antidiuresis, 
i.e. a urine osmolality higher than anticipated for the 
degree of hyponatraemia. It occurs in the presence 
of malignant tumours (e.g. lung, prostate, pancreas), 
which produce ADH-like substances, in neurological 
disorders (e.g. head injury, tumours, infections) and in 
some severe pneumonias. A number of drugs are asso- 
ciated with increased ADH secretion or potentiate the 
effects of ADH (Table 12.4). In patients with SIADH, 
the urine is concentrated in spite of hyponatraemia. 
Management comprises restriction of fluid intake to 
encourage a negative fluid balance. In severe or refrac- 
tory cases, demeclocycline or lithium may result in 
improvement. Both drugs induce a state of functional 
diabetes insipidus and have been used effectively in 
SIADH if the primary disease cannot be treated. 


Consequences of Hyponatraemia. Symptoms vary 
with the underlying aetiology, the magnitude of the re- 
duction of plasma sodium and the rapidity with which 
the plasma sodium concentration decreases. Serious 
consequences involve the central nervous system and 


TABLE 12.4 


Drugs Associated with Antidiuresis and 
Hyponatraemia 


Increased ADH Secretion 


Hypnotics - barbiturates 

Analgesics - opioids 

Hypoglycaemics - chlorpropamide, tolbutamide 
Anticonvulsants - carbamazepine 

Miscellaneous - phenothiazines, tricyclics 


Potentiation of ADH at Distal Tubule 


Paracetamol 
Indometacin 
Chlorpropamide 
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result from intracellular overhydration, cerebral oe- 
dema and raised intracranial pressure. Nausea, vomit- 
ing, delirium, convulsions and coma result. 


Treatment of Hyponatraemia. Acute symptomatic 
hyponatraemia is a medical emergency and requires 
prompt intervention using hypertonic saline. The ra- 
pidity with which hyponatraemia should be corrected 
is the subject of controversy because of observations 
that rapid correction may cause central pontine my- 
elinolysis, a disorder characterized by paralysis, coma 
and death. As a causal relationship between this syn- 
drome and the rate of increase of plasma sodium has 
not been established and it is clear that there is a pro- 
hibitive mortality associated with inadequately treated 
water intoxication, rapid correction of the symp- 
tomatic hyponatraemic state is warranted. Sufficient 
sodium should be given to return the plasma con- 
centration to 125mmolL" only and this should be 
administered over a period of no less than 12h. The 
amount of sodium needed to cause the desired correc- 
tion in the plasma sodium can be calculated as follows: 


Na’ required(mmol) = TBW 
x (desired[Na* ] — measured[Na* ]) 


Hypertonic saline (3%) contains 514mmolL" of 
Na* and administration poses the risk of pulmonary 
oedema, especially in oedematous patients, in whom 
renal dialysis is preferable. 


Potassium Balance 


The normal daily intake of potassium is 50-200 mmol. 
Minimal amounts are lost via the skin and faeces; the 
kidney is the primary regulator. However, the mecha- 
nisms for the retention of potassium are less efficient 
than those for sodium. In periods of K* depletion, 
daily urinary excretion cannot decrease to less than 
5-10 mmol. A considerable deficit of total body potas- 
sium occurs if intake is not restored. Hypokalaemia is a 
more common abnormality than hyperkalaemia. 


Hypokalaemia 


This is defined as a plasma potassium concentration 
of less than 3.5mmolL". Non-specific symptoms of 
hypokalaemia include anorexia and nausea, effects 
on skeletal and smooth muscle (muscle weakness, 
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TABLE 12.5 


Causes of Hypokalaemia 


Cause Comments 


Reduced intake Usually only contributory 


Tissue redistribution Insulin therapy, alkalaemia, 
B,-adrenergic agonists, familial 
periodic paralysis, vitamin B,, 


therapy 


Increased Loss 
Gastrointestinal Diarrhoea, vomiting, fistulae, 
(urine K* 


<20mmolL") 


nasogastric suction, colonic villous 
adenoma 


Renal Diuretic therapy, primary or 


secondary hyperaldosteronism, 
malignant hypertension, 

renal artery stenosis (high 
renin), renal tubular acidosis, 
hypomagnesaemia, renal failure 


(diuretic phase) 


paralytic ileus) and abnormal cardiac conduction 
(delayed repolarization with ST-segment depression, 
reduced height of the T wave, increased height of the 
U wave and a widened QRS complex). 

The causes of hypokalaemia are summarized in 
Table 12.5. Management includes diagnosis and treat- 
ment of the underlying disorder in addition to reple- 
tion of total body potassium stores. As a general rule, 
a reduction in plasma K* concentration by 1 mmol L“ 
reflects a total body K* deficit of approximately 100 mmol. 
Potassium supplements may be given orally or in- 
travenously. The maximum infusion rate should not 
exceed 0.5mmolkg"h"™ to allow equilibration with 
the intracellular compartment; much slower rates are 
generally used. 

The potassium salt used for replacement therapy 
is important. In most situations, and especially in the 
presence of alkalosis, potassium should be replaced as 
the chloride salt. Supplements are available also as the 
bicarbonate and phosphate salts. 


Hyperkalaemia 


This is defined as a plasma potassium concentra- 
tion exceeding 5 mmol L. Vague muscle weakness 
progressing to flaccid paralysis may occur. However, 
the major clinical feature of an increasing plasma 


TABLE 12.6 


Causes of Hyperkalaemia 


Factitious (Pseudohyperkalaemia) 


In vitro haemolysis 
Thrombocytosis 
Leucocytosis 
Tourniquet 
Exercise 
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TABLE 12.7 


Treatment of Hyperkalaemia 


Calcium gluconate 10% i.v. (0.5 ml kg"! to maximum of 20 mL) 
given over 5 min. No change in plasma [K+]. Effect immediate 
but transient 


Glucose 50g (0.5-1.0gkg") plus insulin 20 units (0.3 unit kg) as 
single i.v. bolus dose. Then infusion of glucose 20%, plus insulin 
6-20 units h’ (depending on blood glucose) 


Impaired Excretion 


Renal failure 

Acute or chronic hyperaldosteronism 
Addison’s disease 

K*-sparing diuretics 

Indometacin 


Tissue Redistribution 


Tissue damage (burns, trauma) 
Rhabdomyolysis 

Tumour necrosis 

Hyperkalaemic periodic paralysis 
Massive intravascular haemolysis 
Succinylcholine 


Excessive Intake 


Blood transfusion 
Excessive i.v. administration 


potassium concentration is the characteristic se- 
quence of ECG abnormalities. The earliest change is 
the development of tall, peaked T waves and a short- 
ened QT interval, reflecting more rapid repolarization 
(6-7 mmolL”"). As plasma K* increases (8—10 mmol L”), 
abnormalities in depolarization become manifest as 
widened QRS complexes and widening, and eventu- 
ally loss, of the P wave; the widened QRS complexes 
merge finally into the T waves (sine wave pattern). 
Plasma concentrations in excess of 10mmolL" are 
associated with ventricular fibrillation. The cardiac 
toxicity of K* is enhanced by hypocalcaemia, hypo- 
natraemia or acidaemia. The causes of hyperkalaemia 
are summarized in Table 12.6. 

Immediate treatment is necessary if the plasma po- 
tassium concentration exceeds 7mmolL" or if there 
are any serious ECG abnormalities. Specific treatment 
may be achieved by four mechanisms: 


m chemical antagonism of the membrane effects 
m enhanced cellular uptake of K* 


Sodium bicarbonate 1.5-2.0 mmol kg" i.v. over 5-10 min 


Calcium resonium 15g p.o. or 30g p.r. 8-hourly 


Peritoneal or haemodialysis 


m dilution of ECF 
m removal of K* from the body. 


Methods by which the plasma potassium con- 
centration may be reduced are summarized in 
Table 12.7. 
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Hydrogen ion homeostasis is a fundamental pre- 
requisite to virtually all biochemical processes; hydro- 
gen ion concentration [H+] significantly influences 
protein, including enzyme, structure and function and 
therefore nearly all biochemical pathways and many 
drug mechanisms. Unlike the majority of ions, [H*] 
is controlled at the nanomolar rather than millimolar 
level. Total body H* turnover per day is in the order 
of 150mmol, although most of this is ‘trapped’ within 
metabolic pathways (particularly ATP hydrolysis). The 
resultant acids may be considered as volatile (from met- 
abolic CO, production) and non-volatile (from carbo- 
hydrate, fat and protein metabolism). While the lungs 
and kidneys play a primary role in [H*] homeostasis, 
the liver and gastrointestinal tract are also important 
particularly in relation to ammonium metabolism. 

Due to the very low concentration of hydrogen ions 
in body fluids the pH notation was adopted for the 
sake of practicality. This system expresses [H+] on a 
logarithmic scale: 


pH =—log,, [=+] 


A more logical arithmetic convention which 
expresses [H*] in nmolL" is gaining popularity. 
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TABLE 12.8 


Comparison of Logarithmic and Arithmetic 
Methods of Expressing Hydrogen lon 
Concentration in the Range of Blood [H*] 
Compatible with Life 


pH [H+] (nmol L~') 
7.8 16 
7.7 20 
7.6 25 Alkalaemia 
7.5 32 
7.4 40 Normal 
7.3 50 
7.2 63 
7.1 80 
7.0 100 Acidaemia 
6.9 125 
6.8 160 


Table 12.8 compares values of [H*] expressed as pH 
and nmolL” and reveals several disadvantages of the 
pH notation. The most obvious disadvantage is that it 
moves in the opposite direction to [H*]; a decrease in 
PH is associated with increased [H+] and vice versa. It 
is also apparent that the logarithmic scale distorts the 
quantitative estimate of change in [H*]; for example, 
twice as many hydrogen ions are required to reduce 
pH from 7.1 to 7.0 as are needed to reduce it from 
7.4 to 7.3. The pH scale gives the false impression 
that there is relatively little difference in the sensitiv- 
ity of biological systems to an equivalent increase or 
decrease in [H*]. However, when [H*] is expressed in 
nmol L“, it becomes apparent that tolerance is lim- 
ited to a reduction in [H+] of only 24nmolL”™ from 
normal, but to an increase of up to 120nmolL". 
Nevertheless, the pH notation remains the most 
widely used system and is used in the remainder of 
this chapter. 


Basic Definitions 


An acid is a substance that dissociates in water to 
produce Hř; a base is a substance that can accept H”. 
Strong acids dissociate completely in aqueous solu- 
tion, whereas weak acids (e.g. carbonic acid, H,CO,) 
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dissociate only partially. The conjugate base of an acid 
is its dissociated anionic product. For example, bicar- 
bonate ion ( HCO; ) is the conjugate base of carbonic 
acid: 


H,CO; > H* + HCO; 


A buffer is a combination of a weak acid and its 
conjugate base (usually as a salt) which acts to mini- 
mize any change in [H+] that would occur if a strong 
acid or base were added to it. Buffers in body fluids 
represent an important defence against [H*] change. 
The carbonic acid/bicarbonate system is an impor- 
tant buffer in blood and has historically been used as 
the principle determinant of physiological pH (this is 
in no small part due to the relationship this system 
has with the PaCO,). However, it is important to ap- 
preciate the existence of other buffer systems such as 
plasma proteins, haemaglobin and phosphate. The 
pH of a buffer system may be determined from the 
Henderson-Hasselbalch equation, which, for the car- 
bonic acid/bicarbonate system, relates pH, [H,CO,] 
and [ HCO; J: 


pH = pK + log, ([HCO; ]/[H,CO,]) 


where K=dissociation constant and pK=—log, K. 

This equation shows that [H*] in body fluids is a 
function of the ratio of base to acid. For the bicarbon- 
ate buffer system, pK is 6.1. As most of the carbonic 
acid pool exists as dissolved CO,, the equation may be 
rewritten: 


pH =6.1+ log, {| HCO, ]/(0.225 PCO, )} 


The value 0.225 represents the solubility coefficient 
of CO, in blood (mL kPa"). Normally, [HCO; ] is 
24mmolL" and PaCO, is 5.3 kPa. Thus: 


pH = 6.1+ log, | 24 /(0.225x5.3) ]=7.4 


Most acid-base disorders may be formulated in 
terms of the Henderson-Hasselbalch equation. The pH 
of plasma is kept remarkably constant at 7.36-7.44, i.e. 
a hydrogen ion concentration of 40+5 nmol L~. This is 
achieved by: 


m regulation of H* excretion and bicarbonate 
regeneration by the kidney 

m regulation of CO, by the alveolar ventilation of 
the lungs. 


Cellular metabolism poses a constant threat to 
buffer systems by the production of volatile and non- 
volatile acids. Thus, the acid—base status of body fluids 
reflects the metabolism of both H* and CO.. 


Acid-Base Disorders 


The normal pH of body fluids is 7.36-7.44. Conven- 
tional acid—base nomenclature involves the following 
definitions: 


acidosis — a process that causes acid to accumulate 
acidaemia — this is present if pH <7.36 

alkalosis —a process that causes base to accumulate 
alkalaemia — this is present if pH >7.44. 


Simple acid—base disorders are common in clini- 
cal practice and their successful management can 
usually be achieved by analysis of the carbonic acid/ 
bicarbonate system as outlined above. In particular 
determination of pH, [ HCO; ] and PaCO,, along with 
calculation of standard bicarbonate, base excess and 
anion gap (see below) will enable meaningful diag- 
nosis and treatment. The first step involves diagno- 
sis of the primary disorder; this is followed by an 
assessment of the extent and appropriateness of any 
compensation. 

Primary acid-base disorders are either respiratory 
or metabolic. The disorder is respiratory if the primary 
disturbance involves CO,, and metabolic if it involves 
HCO; . Thus, four potential primary disturbances ex- 
ist (Table 12.9) and each may be identified by analysis 
of pH, [ HCO; ] and PaCO,. Both pH and PaCO, are 
measured directly by the blood gas machine. [ HCO; ] 
is measured directly on the electrolyte profile but 
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is derived in most blood gas machines. Other derived 
variables include standard bicarbonate and base excess. 
The standard bicarbonate is not the actual bicarbonate 
of the sample but an estimate of bicarbonate concen- 
tration after elimination of any abnormal respiratory 
contribution to [ HCO; ], i.e. an estimate of | HCO; ] 
at a PaCO, of 5.3 kPa. The base excess (in alkalosis) or 
base deficit (in acidosis) is the amount of acid or base 
(in mmol) required to return the pH of 1L of blood 
to normal at a PaCO, of 5.3 kPa; it is a measure of the 
magnitude of the metabolic component of the acid- 
base disorder. 

After the primary disorder has been identified, it 
is necessary to consider if it is acute or chronic and 
if any compensation has occurred. The body defends 
itself against changes in pH by compensatory mech- 
anisms, which tend to return pH towards normal. 
Primary respiratory disorders are compensated by a 
metabolic mechanism and vice versa. For example, 
a primary respiratory acidosis is compensated for 
by renal retention of HCO}, whereas a primary 
metabolic acidosis is compensated for by hyperven- 
tilation and a decrease in PaCO,. Thus, in each case, 
the acidaemia produced by the primary acidosis is 
reduced by a compensatory alkalosis. The response 
to a respiratory alkalosis is increased renal elimi- 
nation of HCO,, and metabolic alkalosis results 
in hypoventilation and increased PaCO,, pH being 
restored towards normal by the compensatory 
respiratory acidosis. In each case, the efficiency of 
compensatory mechanisms is limited; compensa- 
tion is usually only partial and rarely complete. 
Overcompensation does not occur. 


TABLE 12.9 


Compensatory Mechanisms in Acid-Base Disturbances 


Primary Disorder pH HCO; Paco, Compensation 
Metabolic acidosis J Lt Hyperventilation | PaCO, 
Metabolic alkalosis i Ti Hypoventilation f PaCO, 
Respiratory acidosis ļ TT Renal retention of HCO; 
Respiratory alkalosis t Lt Renal elimination of HCO, 


{| or Tf denotes the primary abnormality. 


The final pH depends on the degree of compensation. Respiratory compensation for metabolic disorders is rapid; renal compensation for 


respiratory disorders is slow. 
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Metabolic Acidosis 


The cardinal features of a metabolic acidosis are a de- 
creased [ HCO; ], a low pH and an appropriately low 
PaCO,. The extent of the acidaemia depends upon the 
nature, severity and duration of the initiating pathol- 
ogy in addition to the efficiency of compensatory 
mechanisms. The magnitude of the compensatory re- 
sponse is proportional to the decrease in [HCO,]. The 
lower limit of the respiratory response is a PaCO, of 
1.3 kPa. In a steady state: 


predicted PaCO, = (0.2 x observed bicarbonate) 
+1.1 (kPa) 


If the observed PaCO, differs from the predicted 
value, then an independent respiratory disturbance is 
present. 

In most instances, establishing the presence and 
the cause of a metabolic acidosis is straightforward. In 
difficult cases, an important clue to the nature of the 
abnormality is given by the measurement of the anion 
gap in plasma: 


anion gap =([Na*]+[K*])-([Cl-]+[HCO;]) 


In reality, the numbers of cations and anions in plasma 
are the same and an anion gap exists because negatively 
charged proteins, together with phosphate, lactate and 
organic anions (which maintain electrical neutrality), are 
not measured. The normal anion gap is 12-18 mmol L~. 
In the critically ill population adjustments for hypo- 
albuminaemia (albumin itself being an anion) and 
hypophosphataemia should be made as follows: 


corrected anion gap = ([Na* ] t [K* i) 


-([ca ]+[Hco, }) 
—(0.2 x [albumin ]gdL7 +1.5 
x| phosphate |mmolL”) 


Clinically, it is useful to divide the metabolic aci- 
doses into those associated with a normal anion gap 
and those with an increased anion gap. The former 
are caused by loss of HCO; from the body and re- 
placement with chloride. In acidoses associated with 
an increased anion gap, HCO; has been titrated by 
either endogenous, e.g. lactic acidosis, diabetic keto- 
acidosis, or exogenous acids (e.g. poisons), thus in- 
creasing the number of unmeasured plasma anions 
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TABLE 12.10 


Types and Causes of Metabolic Acidosis 
High Anion Gap 


Overproduction of acid Diabetic ketoacidosis 

Lactic acidosis: Type A - |DO, e.g. 
shock, hypoxaemia 

Type B - Normal DO, but impaired 
tissue O, utilization or lactate 
clearance e.g. metformin, hepatic 
failure 

Starvation 

Exogenous acid Salicylates 
Methanol 
Ethylene glycol 


Reduced excretion Renal failure 


Normal Anion Gap 


Bicarbonate loss Extrarenal 

Diarrhoea 

Biliary/pancreatic fistula 
lleostomy 
Ureterosigmoidostomy 

Renal 

Renal tubular acidosis 
Carbonic anhydrase inhibitors 
Addition of acid (with 
chloride) 


HCl, NH,Cl, arginine or lysine 
hydrochloride 


without altering the plasma chloride concentration 
(Table 12.10). Another useful concept is the osmolal/ 
osmolar (depending on units used) gap: 

osmolal gap=measured osmolality — calculated 
osmolality 

The concept is similar to the anion gap. A raised 
osmolal gap infers unrecognized/unmeasured os- 
motically active molecules within the plasma. A 
raised osmolal gap in conjunction with metabolic 
acidosis should immediately raise concern of metha- 
nol, ethylene glycol, paraldehyde or formaldehyde 
poisoning requiring urgent treatment. Other causes 
of raised osmolal gap in the absence of acidae- 
mia include hyperglycaemia, hyperlipidaemias and 
paraproteinaemias. 


Clinical Effects and Treatment. Metabolic acido- 
sis results in widespread physiological disturbances, 
including reduced cardiac output, pulmonary 
hypertension, arrhythmias, Kussmaul respiration 
and hyperkalaemia; the severity of the disturbances 


is related to the extent of the acidaemia. Treatment 
should be directed initially at identifying and re- 
versing the cause. If acidaemia is considered to be 
life-threatening (pH <7.2, [HCO;] <10mmolL”"), 
measures may be required to restore blood pH to 
normal. Overzealous use of sodium bicarbonate may 
lead to rapid correction of blood pH, with the risks of 
tetany and convulsions in the short term and volume 
overload and hypernatraemia in the longer term. The 
required quantity of bicarbonate should be calculated: 


bicarbonate requirement (mmol)=body weight (kg) x 
base deficit (mmol L) x0.3 


Administration of sodium bicarbonate should 
be followed by repeated measurements of plasma 
[ HCO, ] and pH. Sodium bicarbonate is available as 
isotonic (1.4%; 163 mmolL") and hypertonic (8.4%; 
1000 mmolL"') solutions. Slow infusion of the hyper- 
tonic solution is advisable to minimize adverse effects. 

When considering the use of sodium bicarbonate 
in the context of metabolic acidaemia, it is important 
to realize that carbon dioxide is generated during the 
buffering process. This may result in a superimposed 
respiratory acidosis, especially in those patients with 
impaired ventilatory reserve or at the limit of compen- 
sation. It is also important to distinguish those acido- 
ses associated with tissue hypoxia (e.g. cardiac arrest, 
septic shock) from those where tissue hypoxia is not a 
factor. It appears that therapy with sodium bicarbon- 
ate often exacerbates the acidosis if tissue hypoxia is 
present. For example, in patients with type A lactic aci- 
dosis, NaHCO, increases mixed venous PaCO,, which 
rapidly crosses cell membranes resulting in an intracel- 
lular acidosis, particularly in cardiac and hepatic cells. 
Theoretically, this could result in decreased myocardial 
contractility and cardiac output and decreased lactate 
extraction by the liver, aggravating the lactic acidosis. 
Current guidelines for the management of cardiopul- 
monary arrest no longer recommend the routine use 
of sodium bicarbonate. However, if the acidosis is not 
associated with tissue hypoxaemia (e.g. uraemic aci- 
dosis) then the use of sodium bicarbonate results in a 
potentially beneficial increase in arterial pH. 


Metabolic Alkalosis 


The cardinal features of a metabolic alkalosis are 
an increased plasma [ HCO; ], a high pH and an 
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TABLE 12.11 


Types and Causes of Metabolic Alkalosis 


Chloride-Responsive (urine chloride <20 mmolL”") 


Loss of acid 
Vomiting 
Nasogastric suction 
Gastrocolic fistula 
Chloride depletion 
Diarrhoea 
Diuretic abuse 
Excessive alkali 
NaHCO, administration 
Antacid abuse 


Chloride-Resistant (urine chloride >20 mmol L“) 


Primary or secondary hyperaldosteronism 
Cushing’s syndrome 

Severe hypokalaemia 

Carbenoxolone 


appropriately raised PaCO,. The compensatory re- 
sponse of hypoventilation is limited and not very effec- 
tive. For diagnostic and therapeutic reasons, it is usual 
to subdivide metabolic alkalosis into the chloride- 
responsive and chloride-resistant varieties (Table 12.11). 
The differential diagnosis of metabolic alkalosis, and 
in particular the classification of patients on the basis 
of the urinary chloride concentration, is important be- 
cause of the differences in treatment of the two groups. 
In chloride-responsive alkalosis, the administration of 
saline causes volume expansion and results in the ex- 
cretion of excess bicarbonate; if potassium is required, 
it should be given as the chloride salt. In patients in 
whom volume administration is contraindicated, the 
use of acetazolamide results in renal loss of HCO; and 
an improvement in pH. H,-receptor antagonists may 
be helpful if nasogastric suction is contributing to hy- 
drogen ion loss. 

Severe alkalaemia with compensatory hypoven- 
tilation may result in seizures or CNS depression. In 
life-threatening metabolic alkalosis, rapid correction is 
necessary and may be achieved by administration of 
hydrogen ions in the form of dilute hydrochloric acid. 
Acid administration requires central vein cannulation, 
as peripheral infusion causes sclerosis of veins. Acid is 
given as 0.1 normal HCl in glucose 5% at a rate no 
greater than 0.2mmolkgth". 
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Respiratory Acidosis 


The cardinal features of a respiratory acidosis are a 
primary increase in PaCO,, a low pH and an appropri- 
ate increase in plasma bicarbonate concentration. The 
extent of the acidaemia is proportional to the degree 
of hypercapnia. Buffering processes are activated rap- 
idly in acute hypercapnia and may remove enough H* 
from the extracellular fluid to result in a secondary in- 
crease in plasma [ HCO; ]. 

Usually, hypoxaemia and the manifestations of the 
underlying disease dominate the clinical picture, but 
hypercapnia per se may result in coma, raised intracra- 
nial pressure and a hyperdynamic cardiovascular system 
(tachycardia, vasodilatation, ventricular arrhythmias) 
resulting from release of catecholamines. There are 
many causes of respiratory acidosis, the most important 
of which are classified in Table 12.12. Treatment consists 
of reversing the underlying pathology if possible and 
mechanical ventilatory support if required. 


TABLE 12.12 


Causes of Respiratory Acidosis 


Central Nervous System 
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Respiratory Alkalosis 


The cardinal features of respiratory alkalosis are a pri- 
mary decrease in PaCO, (alveolar ventilation in excess 
of metabolic needs), an increase in pH and an appro- 
priate decrease in plasma bicarbonate concentration. 
Usually, hypocapnia indicates a disturbance of venti- 
latory control (in patients not receiving mechanical 
ventilation). As in respiratory acidosis, the manifest- 
ations of the underlying disease usually dominate the 
clinical picture. Acute hypocapnia results in cerebral 
vasoconstriction and reduced cerebral blood flow and 
may cause light-headedness, confusion and, in severe 
cases, seizures. Circumoral paraesthesia, hyperreflexia 
and tetany are common. Cardiovascular manifest- 
ations include tachycardia and ventricular arrhyth- 
mias secondary to the alkalaemia. 

The causes of respiratory alkalosis are summarized in 
Table 12.13. Treatment comprises correction of the under- 
lying cause and thus differential diagnosis is important. 


TABLE 12.13 


Causes of Respiratory Alkalosis 


Supratentorial 


Drug overdose 

Trauma 

Tumour 

Degeneration or infection 
Cerebrovascular accident 
Cervical cord trauma 


Peripheral Nervous System 


Polyneuropathy 
Myasthenia gravis 
Poliomyelitis 
Botulism 

Tetanus 


Organophosphorus poisoning 


Primary Pulmonary Disease 


Airway obstruction 

Asthma 

Laryngospasm 

Chronic obstructive airways disease 
Parenchymal disease 

ARDS 

Pneumonia 

Severe pulmonary oedema 

Chronic obstructive airways disease 
Loss of mechanical integrity 

Flail chest 


Voluntary/hysterical hyperventilation 
Pain, anxiety 


Specific Conditions 


CNS disease 
Meningitis/encephalitis 
Cerebrovascular accident 
Tumour 
Trauma 

Respiratory disease 
Pneumonia 
Pulmonary embolism 
Early pulmonary oedema or ARDS 
High altitude 

Shock 
Cardiogenic 
Hypovolaemic 
Septic 

Miscellaneous 
Cirrhosis 
Gram-negative septicaemia 
Pregnancy 
IPPV 

Drugs/hormones 
Salicylates 
Aminophylline 
Progesterone 


Stewart’s Physicochemical Theory of 
Acid-Base Balance 


The ‘traditional’ model based on carbonic acid/bicar- 
bonate chemistry with renal and pulmonary regulation 
of hydrogen ion concentration is relatively easy to un- 
derstand and to apply in common clinical situations. 
However, it is at best a simplified model of a much 
more complex reality and as such has some limitations. 
It struggles to explain the phenomena of hyperchlor- 
aemic acidosis and the effect of other acids not buff- 
ered by the bicarbonate system, and the important role 
of plasma proteins. In the 1980s, Stewart, a Canadian 
physiologist, suggested that the bicarbonate system 
could not be viewed in isolation but rather the effect 
of fundamental physicochemical laws (mass action and 
electrochemical neutrality) on multiple biochemical 
reactions had to be considered, the bicarbonate system 
just being one of these, which in turn set [H*]. He went 
on to theorize three independent variables which deter- 
mine water dissociation, which is the major source of 
protons and therefore determinant of pH: 


m The strong ion difference (SID) =([Na*]+[K*]+ 
[Mg**]+[Ca?*])—([Cl-]-[lactate]), i.e. the total 
concentration of fully dissociated cations minus 
the total concentration of fully dissociated anions 

= Total weak acid concentration (Aor) = 2.43 x [total 
protein], i.e. this includes associated and dissoci- 
ated ions (predominantly albumin) 

= a X PCO,, where a is the solubility coefficient for 
carbon dioxide 


These three variables come together to form the 
Stewart equation: 


We pKa + log[SID]— Kb [A..5, ]/[Kb +10 — pH] 
a + PCO, 

If albumin is removed from this equation it is 
remarkably similar to the Henderson—Hasselbach 
equation. In humans the strong ion difference equates 
to about 40 mmol/L, i.e. a net positive charge. This is 
the apparent SID (SIDa). However, we know plasma 
cannot be charged and SIDa is offset by the effective 
SID (SIDe) which is generated by poorly dissociated 
weak acids (albumin, phosphate and sulphate). The 
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difference between SIDa and SIDe is the strong ion gap 
(SIG) which is analogous but superior to the anion gap 
as it accounts for total weak acid, and in particular al- 
bumin. Within this theory it is not just the function 
of the lungs (CO,) and the kidneys (SID) being mod- 
elled but also the organs determining A.,,,, namely the 
gastrointestinal tract and liver. The Stewart equation 
also emphasizes the importance of [CI] as a key deter- 
minant of SID and therefore pH. An increasing [Cl] 
in relation to [Na*], say after excessive normal saline 
administration, will decrease SID (with a normal SIG) 
and thereby decrease pH. This explains the common 
clinical phenomenon of hyperchloraemic acidosis. It is 
also worthy of note that Stewart’s theory rejects HCO- 
as an independent variable and therefore a determi- 
nant of pH, as in the classical model, being altered by 
both changes in PaCO, and SID. 

This physicochemical approach does not funda- 
mentally alter our clinical classification or management 
of acid base disturbance but may, in the view of some, 
improve our diagnostic resolution and understanding 
e.g. hyperchloraemic acidosis and hypoalbuminaemic 
alkalosis. It is, however, a relatively cumbersome equa- 
tion and as such has not entered into common bedside 
usage. These different approaches to acid—base balance 
are not in themselves right or wrong but rather differ- 
ent viewing points of the same scene. 


FURTHER READING 


Arieff, A.I., 1991. Indications for the use of bicarbonate in patients 
with metabolic acidosis. Br. J. Anaesth. 67, 165-178. 

Hubble, S.M.A., 2007. Acid—base and blood gas analysis. Anaesth. 
Int. Care Med. 8 (11), 471—473. 

Kitching, J.K., Edge, C.J., 2002. Acid—base balance: a review of normal 
physiology. Br. J. Anaesth. CEPD reviews 2, 3-6. 

Lane, N., Allen, K., 1999. Hyponatraemia after orthopaedic surgery. 
Br. Med J. 318, 1363-1364. 

Morris, C.G., 2008. Review: Metabolic acidosis in the critically ill: 
Part 1 Classification and pathophysiology. Anaesthesia 63, 294-301. 

Sirker, A.A., Rhodes, A., Grounds, R.M., Bennett, E.D., 2002. Acid— 
base physiology: the ‘traditional’ and the ‘modern’ approaches. 
Anaesthesia 57, 348-356. 

Swales, J.D., 1991. Management of hyponatraemia. Br. J. Anaesth. 67, 
146-154. 

Thomson, W.S.T., Adams, J.F., Cowan, R.A., 1997. Clinical acid—base 
balance. Oxford University Press, Oxford. 

Wooten, E.W., 2004. Science review: quantitative acid—base physiol- 
ogy using the Stewart model. Crit. Care 8, 448-452. 


aematological conditions can have a sig- 


nificant impact on the conduct of anaesthesia. 
Anaesthetists need to have an understanding of the 
pathophysiology associated with various haema- 
tological diseases which are known to increase the 
risk of thrombosis, infection, or haemorrhage. In 
addition, as one of the largest groups of clinicians 
responsible for the transfusion of various blood 
products, anaesthetists need to be familiar with the 
rationale for their safe use. 


THE PHYSIOLOGY OF BLOOD 


Blood Cells and Plasma 


Red blood cells (RBCs, or erythrocytes) typically 
survive for about 120 days after their release into 
the circulation. They are created in bone marrow 
and are released as reticulocytes, which mature over 
two days into adult RBCs. In healthy adults, 1-2% 
of RBCs present in the circulation are reticulocytes. 
Reticulocytes and red blood cells do not have nuclei 
but residual RNA can still be found in reticulocytes as 
they mature into erythrocytes. 

The classic shape of a red cell is a biconcave disk 
8m in diameter, but because red cells deform easily 
they can pass through capillaries which are smaller 
than this. 

At the end of their 120-day life-span, senescent red 
cells are destroyed by macrophages present in the liver, 
spleen and bone marrow. The iron present within the 
cells is made available for further red cell production, 
whilst the porphyrins are converted into unconjugated 
bilirubin. 
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HAEMATOLOGICAL DISORDERS 
AND BLOOD TRANSFUSION 


The primary function of red cells is to carry oxy- 
gen, bound to haemoglobin, to the tissues of the 
body. In adults, the majority of haemoglobin pres- 
ent is HbA (which consists of two a and two f glo- 
bin chains: œ ß,). A small amount of HbA, is also 
present (a,8,), as is an even smaller amount of fetal 
haemoglobin, HbF (a,y,). HbF and HbA, typically 
represent less than 4% of the total amount of haemo- 
globin. Each globin chain contains a ‘pocket’ of haem 
in which iron is held in its ferrous state allowing it to 
bind reversibly with oxygen. As oxygen binds to each 
haem pocket in turn, the whole haemoglobin mol- 
ecule changes shape, increasing its overall affinity for 
oxygen. When the haemoglobin molecule ‘unloads’ 
oxygen, the overall affinity for oxygen decreases be- 
cause 2,3-diphosphoglycerate (2,3-DPG) displaces the 
two B chains. These changes account for the sigmoid 
shape of the oxygen—haemoglobin dissociation curve. 
Increased concentrations of carbon dioxide, hydrogen 
ions, 2,3-DPG, and sickle haemoglobin (HbS) shift the 
oxygen-haemoglobin dissociation curve to the right. 
Fetal haemoglobin does not bind with 2,3-DPG and so 
has a dissociation curve shifted to the left. 

White blood cells (leukocytes) present in the circu- 
lation include granulocytes (neutrophils, eosinophils, 
basophils), lymphocytes and monocytes. The main 
purpose of white cells is to defend against infection 
from micro-organisms, and to do this they have to be 
able to travel across the endovascular wall and into 
the interstitial space. Once they are present in tissues, 
monocytes may differentiate into macrophages. 

Neutrophils, monocytes and macrophages are the 
three major phagocytic cells responsible for the de- 
struction of bacteria, fungi or damaged cells. Phagocytic 


cells respond in three stages to foreign substances: 
chemotaxis, whereby phagocytes are attracted to sites 
of inflammation by chemical signals; phagocytosis, 
which is where the phagocyte ingests the material in 
question (often aided by a process called opsonization, 
in which particles are ‘tagged’ by immunoglobulins or 
complement); and destruction, which is achieved by 
the release of reactive oxygen species within the cell. 

Eosinophils are involved in both allergic reactions 
and the response to parasitic infections. Lymphocytes 
are subdivided into B cell, T cell, and natural killer 
(NK) cells. B and T cells release immunoglobulins in 
response to antigens derived from bacteria, viruses 
and other foreign particles. Many of these antigens are 
processed and presented to the lymphocytes by spe- 
cialist macrophages, termed antigen presenting cells. 
Lymphocytes which recognise specific antigens can 
proliferate and produce clones of themselves in re- 
sponse to a specific threat and this ‘threat-response’ is 
effectively memorized by the organism, resulting in an 
adaptive immune response. Natural killer lymphocytes 
do not need prior activation by antigens and are there- 
fore part of an innate immune response which is re- 
sponsible for identifying tumour cells or cells invaded 
by some viruses. 

Platelets are produced by the natural breaking apart 
of megakaryocytes to form cell fragments with no nu- 
cleus. Their lifespan is approximately 5 days and they 
are chiefly involved in haemostasis, in which they are 
integral to the production of blood clots by adhering 
to the endothelium, aggregating, and catalysing proco- 
agulant processes. They are also involved in the release 
of growth factors such as fibroblast growth factor. 

All of the cells within the circulation are suspended 
in blood plasma, a mixture of water, electrolytes, pro- 
teins such as albumin and globulins, various nutrients 
such as glucose, and clotting factors. 


Blood Coagulation 


The physiology of haemostasis involves a complex 
interaction between the endothelium, clotting factors 
and platelets. Normally, the subendothelial matrix and 
tissue factor are separated from platelets and clotting 
factors by an intact endothelium. However, when a 
blood vessel is damaged, vasospasm occurs, which re- 
duces initial bleeding and slows blood flow, increas- 
ing contact time between the blood and the area of 
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injury. Initial haemostasis occurs through the action of 
platelets. Circulating platelets bind directly to exposed 
collagen with specific glycoprotein Ia/IIa receptors. Von 
Willebrand factor released from both endothelium and 
activated platelets strengthens this adhesion. Platelet 
activation results in a shape change, increasing platelet 
surface area, allowing the development of extensions 
which can connect to other platelets (pseudopods). 
Activated platelets secrete a variety of substances from 
storage granules, including calcium ions, ADP, platelet 
activating factor, von Willebrand factor, serotonin, 
factor V and protein S. Activated platelets also undergo 
a change in a surface receptor, glycoprotein GIIb/ 
Illa, which allows them to cross-link with fibrino- 
gen. In parallel with all these changes, the coagulation 
pathway is activated and further platelets adhere and 
aggregate (Fig. 13.1). 

The classical description of coagulation pathways 
includes an intrinsic pathway and an extrinsic pathway 
in which clotting factors are designated with Roman 
numerals (Fig. 13.1). Each pathway consists of a cas- 
cade in which a clotting factor is activated and in 
turn catalyses the activation of another pathway. The 
intrinsic pathway involves the sequential activation 
of factors XII, XI and IX. The extrinsic pathway in- 
volves the activation of factor VII by tissue factor, and 
is sometimes called the tissue factor pathway. Of the 
two pathways, the extrinsic pathway is considered to 
be the more important because abnormal expression 
of the intrinsic pathway does not necessarily result 
in abnormal clotting. The intrinsic pathway may have 
an additional role in the inflammatory response. 

Both the intrinsic and extrinsic pathways result in 
a final common pathway which involves the activation 
of factor X. Activated factor X in turn converts pro- 
thrombin to thrombin (factor II to Ha), which allows 
the conversion of fibrinogen to fibrin (factor I to Ia). 
Fibrin then becomes cross-linked to form a clot. 

It is important to note that this description of intrin- 
sic and extrinsic pathways is essentially a description 
of what happens in laboratory in vitro conditions. The 
in vivo process is much more of an interplay between 
platelets, circulating factors and the endothelium. 

The following steps can be conceptualized (Fig. 13.1): 

Initiation. Damaged cells express tissue factor (TF) 
which, following activation by binding with circulat- 
ing factor VIIa, initiates the coagulation process by 
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Initiation: 


Damaged TF-bearing cell 


FII —— Filla (Thrombin) 


FI: Fibrinogen 
FII: Prothrombin 


FIII: Tissue factor (TF) 
(Thromboplastin mix) 


FIV: Calcium ions 
FV: Proaccelerin 


FVII: Proconvertin 
(Stable factor) 


FVIII: Antihaemophilic 
factor 


Amplification and propagation: 


IXa ——_» 


Oua 


Activated 
platelet 


Platelet 


Va 
Flla——» Vllla 


| T 


FX FII 


M Flla — 


Y 
Fibrinogen ———> Fibrin 


FIX: Christmas factor 


FX: Stuart factor 
(Thrombokinase) 


FXI: Plasma 
thromboplastin 
antecedent (PTA) 


FXII: Hageman factor 
FXIII: Fibrin stabilizing 


FXII 


| FVIla |+ IX IXa l= | Amplification | 


FXIilla factor 
| Note: Factor Va was 
once named FVI 
| Stable clot | 


FIGURE 13.1 
2007; 2(2): 45-50. 


activating factor IX to factor IXa and factor X to factor 
Xa. A rapid binding of factor Xa to factor II occurs, 
producing small amounts of thrombin (factor Ila). 

Amplification. The amount of thrombin produced 
by these initiation reactions is insufficient to form ad- 
equate fibrin, so a series of amplification steps occurs. 
Activated factors IX, X and VII promote the activation 
of factor VII bound to tissue factor. Without this step, 
there are only very small amounts of activated factor 
VII present. In addition, thrombin generates activated 
factors V and VIII. 

There is a parallel system of anticoagulation, involv- 
ing antithrombins and proteins C and S, which help pre- 
vent an uncontrolled cascade of thrombosis. Thrombin 
binds to thrombomodulin on the endothelium. This 
prevents the procoagulant action of thrombin. In 
addition, the thrombin-thrombomodulin complex 
activates protein C. Along with its cofactor, protein S, 
activated protein C (APC) proteolyzes factor Va and fac- 
tor VIIa. Factor Va increases the rate of conversion of 
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prothrombin to thrombin and factor VIIIa is a cofactor 
in the generation of activated factor X. Inactivation of 
these two factors therefore leads to marked reduction in 
thrombin production. Activated protein C also has effects 
on endothelial cells and leukocytes, independent of its 
anticoagulant properties, including anti-inflammatory 
properties, reduction of leukocyte adhesion, and che- 
motaxis and inhibition of apoptosis. 

Antithrombin is a serine protease inhibitor which is 
found in high concentrations in plasma. It inhibits the 
action of activated factors VII, X, XI, XII and throm- 
bin. It is the site of action of heparin, which increases 
its rate of action several thousand-fold. 

In addition, platelet adhesion and aggregation are 
normally inhibited in intact blood vessels by the nega- 
tive charge present on the endothelium, which prevents 
platelet adhesion, and by substances which inhibit 
aggregation such as nitric oxide and prostacyclin. 

Controlled fibrinolysis occurs naturally, involving the 
conversion of plasminogen to plasmin, which in turn 
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degrades fibrin. Plasminogen can be activated by naturally 
occurring tissue plasminogen activator and urokinase. 

Common laboratory tests used to investigate co- 
agulation include: 


m The activated prothrombin time (PT), which tests 
for factors involved in the extrinsic coagulation 
pathway (prothrombin, factors V, VII, X), normal 
range 12—14s, but often expressed as a ratio (the 
international normalized ratio, INR) 

= The activated partial thromboplastin time (APTT, 
also known as the kaolin cephalin clotting time, 
KCCT), which tests for factors present within the 
intrinsic pathway (including factors I, II, V, VII, 
IX and X), normal range 26-33.5 s, often also ex- 
pressed as a ratio (APTTR) 

= Thromoboplastin time (TT), which tests for 
the presence of fibrinogen and the function of 
platelets, normal range 14-16 s 

= Fibrinogen assay, normal range 1.5-4g¢L7! 


HAEMATOLOGICAL DISORDERS 
AND THEIR IMPACT ON 
ANAESTHESIA 


Anaemia 


Anaemia occurs as a result of decreased red cell pro- 
duction or increased loss due to bleeding or destruc- 
tion. A number of congenital or acquired conditions 
can result in anaemia (Table 13.1). Anaemia is defined 
as a haemoglobin less than 13 g dL“' (men) or 12g dL"! 
(women), but the level of anaemia at which physiolog- 
ical dysfunction occurs in everyday life, or under the 
stress of surgery, is unclear. 

Symptoms associated with anaemia include dysp- 
noea, angina, vertigo and syncope, palpitations and 
limited exercise tolerance. These symptoms may be 
better tolerated in younger patients or in those in 
whom the onset is more gradual. Anaemia detected in 
the preoperative period should ideally be investigated 
and treated prior to surgery. This is true of even rela- 
tively mild anaemias because patients with a low hae- 
moglobin concentration at the outset are more likely to 
receive blood transfusions as a result of their surgery, 
and there are occasions on which simple treatments, 
for example pre-operative iron supplementation, may 
prevent this. Anaemia is classically subdivided into 
three diagnostic categories: 


m microcytic, hypochromic anaemia (anaemia with 
a low mean cell volume, MCV <78fL, and low 
mean cell haemoglobin, MCH <27 pg); common 
causes include iron deficiency anaemia, chronic 
blood loss, anaemia of chronic disease, thalassae- 
mia or sideroblastic anaemia. 

m macrocytic anaemia (MCV <100fL); common 
causes include vitamin B,, or folate deficiency/ 
malabsorption, alcoholism, liver disease, myelo- 
dysplasia or hypothyroidism. If the reticulocyte 
count is high (>2.5%), acute blood loss or hae- 
molytic anaemia may be considered. 

m normocytic normochromic anaemia (nor- 
mal MCV and MCH); common causes include 
anaemia of chronic disease, aplastic anaemia, 
haematological malignancy, or bone marrow 
invasion or fibrosis. If the reticulocyte count is 
high, this may also represent acute blood loss or 
haemolysis. 


Haemoglobinopathies 


Causes of anaemia of particular interest to anaes- 
thetists are the haemoglobinopathies, which include 
sickle-cell disease and thalassaemia. This is because 
both diseases may be associated with systemic compli- 
cations, that in the case of sickle-cell disease may be 
triggered or exacerbated by anaesthetic techniques. 


Sickle-Cell Disease 


Sickle-cell disease is a genetic variation in the syn- 
thesis of haemoglobin which occurs most commonly 
in people with African or Mediterranean heritage. It 
involves a valine substitution in the B globin chain to 
make sickle haemoglobin (HbS), and because it is an 
autosomal recessive condition, individuals can either 
have HbA and HbS present (HbAS; sickle-cell trait), 
or just HbS (HbSS; sickle-cell anaemia). HbS becomes 
less soluble when deoxygenated, and aggregates, caus- 
ing the red cell to deform into the classic sickle shape 
which can lodge in the microcirculation, becoming se- 
questrated and/or causing areas of ischaemia. Sickling 
is probably not the only cause of the pathology of 
sickle-cell disease. HbS is unstable as well as insoluble, 
resulting in cell breakdown, oxidative damage and en- 
dothelial damage. Surgical stress may therefore trigger 
vaso-occlusion through an inflammatory rather than 
sickling process. Sickle cell trait is relatively protected 
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TABLE 13.1 


Causes of Anaemia 
Decreased Production 


Bone marrow failure Aplastic anaemia 
Chemotherapy or bone marrow transplant conditioning 
Marrow infiltration or destruction 
m Non-haematological cancers (e.g. breast, lung, kidney or thyroid cancers) 
m Lymphoma 
m Myelofibrosis 
= Myeloma 
m Tuberculosis 
Decreased erythropoiesis Alcoholism 
Chronic disease 
Hypothyroidism 
Infection 
Renal failure 
Sideroblastic anaemia 
Thalassaemia 
Nutritional deficiencies lron 
Folic acid 
Vitamin B,, 
Vitamin C 
N.B. nutritional deficiencies may be caused or exacerbated by a number of conditions including: 


m Alcoholism 
m Drugs (e.g. methotrexate) 


m Impaired absorption (e.g. Crohn’s disease, pernicious anaemia, tropical sprue, Whipple’s 
disease) 


m Inherited disorders (e.g. homocystinuria) 


Increased Loss 


Bleeding Acute haemorrhage 
Chronic bleeding (e.g. haematuria or occult gastrointestinal blood loss) 
Haemolysis or sequestration Acquired haemolytic disease 


= Heart valve defects/mechanical heart valves 

m Immune-mediated haemolysis (e.g. drug-related haemolysis, incompatible blood transfusion) 
= Malaria 

m Microangiopathic haemolytic anaemia (MAHA)* 

= Paroxysmal nocturnal haematuria 

Inherited red cell disorders 

m G6PD deficiency 

m Pyruvate kinase deficiency 

= Sickle-cell disease 

m Spherocytosis 


= Thalassaemia 


Artefactual 


Hypervolaemic haemodilution 
Laboratory error 


*Causes of MAHA include vasculitis, disseminated intravascular coagulation (DIC), HELLP syndrome (Haemolysis, Elevated Liver enzymes, Low 
Platelets) and thrombotic thrombocytopaenic purpura/haemolytic uraemic syndrome (TTP/HUS) (see Table 13.2). 
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from this effect because approximately 70% of red cells 
contain HbA, whereas up to 95% of red cells contain 
HbS in sickle-cell anaemia. HbS can be detected in a 
laboratory blood sample. However, it is extremely un- 
likely for adults to have unknown sickle-cell disease (as 
opposed to sickle-cell trait), particularly if they are not 
anaemic. Anaesthetic departments should have guid- 
ance about when sickle testing is required at routine 
preoperative anaesthetic assessment in susceptible pa- 
tient populations. 

As well as potentially being chronically anaemic, pa- 
tients with sickle-cell disease are more likely to have 
preoperative renal or splenic disease (in which case sple- 
nectomy prophylaxis may be required, even in the absence 
of a surgical splenectomy). They are also more likely to 
have suffered from lung disease, or cardiovascular disease 
which may include previous cerebral infarctions or in- 
creased cardiac output at rest. Due to the recurrent pain- 
ful episodes which these patients suffer, they are often not 
opioid-naive, which may present problems with periop- 
erative pain management. 

During anaesthesia, and during the postopera- 
tive period, HbS is prone to sickling in the presence 
of hypoxaemia, dehydration, acidosis or mild hypo- 
thermia. In patients with HbSS, sickling may occur 
even at high oxygen saturations and become progres- 
sively worse, such that all red cells will be sickled at 
approximately 50% saturation. If sickling causes lung 
ischaemia, further hypoxaemia may develop. Patients 
with sickle-cell trait (HbAS) are less susceptible to 
ischaemic complications, but this does depend on 
the proportion of HbS present and there are case 
reports of thrombotic complications in this patient 
group. There is some evidence to suggest that patients 
with sickle trait are at increased risk of venous throm- 
boembolism and pregnancy-related complications. In 
patients with sickle-cell disease, haematology input is 
required, and advice should be sought preoperatively, 
as an elective transfusion to lower the proportion of 
HbS may be indicated. 

Intraoperative anaesthetic techniques should avoid 
hypoxaemia and acidosis, and this may involve gen- 
eral or regional anaesthesia. If general anaesthesia is 
required, intermittent positive pressure ventilation 
may be preferable as a means of optimizing oxygen- 
ation and avoiding respiratory acidosis (or potentially 
providing a respiratory alkalosis in high-risk patients). 


Intravenous fluids (including in the preoperative 
period) and active warming of the patient are likely 
to be required to avoid dehydration and hypothermia. 
Vasopressors and limb tourniquets should be used with 
due consideration to risks and benefits. Intraoperative 
cell salvage is not currently recommended. 

Continuation of monitoring and support with 
oxygen and intravenous fluids are likely to be required 
into the postoperative period, and the presence of a 
postoperative fever should alert clinicians to the pos- 
sibility of an ischaemic crisis. 

There are no specific guidelines as to which an- 
algesic regimens should be used, although the presence 
of renal disease may be a relative contraindication to 
NSAIDs. Anaesthetists may also be called upon to pro- 
vide analgesia, including patient-controlled morphine, 
to patients suffering from a non-surgical sickle-cell 
crisis. These are often extremely painful. 


Thalassaemia 


Thalassaemia is an abnormality of globin synthesis 
which occurs in patients of Mediterranean, Middle 
Eastern or Asian descent. There are two common 
forms, alpha and beta, and both forms are inherited 
in a recessive pattern and can thus be present in minor 
or major forms. The minor forms have few clinical im- 
plications except in states of increased haemodynamic 
stress such as pregnancy, when anaemia may occur. In 
the major forms, haemolytic anaemia occurs, which is 
often managed with regular blood transfusions in or- 
der to prevent anaemia and bony deformation caused 
by bone marrow hyperplasia. In untreated individ- 
uals, marrow hyperplasia can result in craniofacial 
abnormalities, which may directly affect anaesthetic 
techniques such as laryngoscopy. Iron overload can 
also occur, resulting in cardiac hypertrophy, pulmo- 
nary hypertension and liver disease; detailed cardiac 
history and preoperative assessment are required. In 
rare cases, the splenomegaly and/or folate deficiency 
associated with thalassaemia have resulted in throm- 
bocytopaenia or neutropaenia being present, and this 
should be excluded preoperatively. 

Various drugs are relatively contraindicated in thal- 
assaemia because they may trigger haemolysis; these 
include prilocaine, nitroprusside, penicillin, aspirin 
and vitamin K. Advice should be sought before admin- 
istering such agents. 
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Neutropaenia 


Neutropaenia creates a significantly immunocom- 
promised state, leaving patients at increased risk of 
infections, including those infections usually consid- 
ered unusual or atypical. White cell counts of less than 
1X10°L"' are considered significant and often require 
patients to be given medications for prophylaxis against 
fungal, viral or Pneumocystis jirovecii infections. 

The commonest causes of neutropaenia are hae- 
matological malignancies and their treatments, as well 
as chemotherapy for other malignancies. When neu- 
tropaenic patients require surgery, the benefits must 
be weighed against the increased risk of postopera- 
tive infections. Strict asepsis is essential when dealing 
with neutropaenic patients, and it should be noted 
that they are at increased risk of ventilator-associated 
pneumonia, urinary catheter infections and infections 
associated with intravascular cannulation, particularly 
central venous catheters. If possible, these interven- 
tions should be avoided or limited to as short a time 
as possible. 

Various antimicrobial regimens are recommended 
in patients with neutropaenic sepsis, which include 
broad spectrum agents with anti-pseudomonal and 
anti-fungal cover. Most hospitals have their own poli- 
cies for management of suspected neutropaenic sepsis. 
If there is evidence of postoperative infection, special- 
ist microbiological advice should be sought. 


Inherited and Other Coagulopathies 


Various conditions and drugs are known to be as- 
sociated with increased blood loss during surgery 
(Tables 13.2 and 13.3). If a patient presents with 
a known condition or with a history of abnormal 
bleeding (e.g. menorrhagia or excessive bleeding after 
previous minor injuries), blood should be sent for a 
coagulation profile including a platelet count, pro- 
thrombin time (PT), thrombin time (TT) and acti- 
vated partial thromboplastin time (APTT). A platelet 
count is often done as part of the full blood count, 
which is considered routine before major surgery. In 
contrast, coagulation screens should not be considered 
routine. They are designed for specific investigation of 
patients with bleeding disorders, not as screening tests. 
They have a low probability of detecting an abnormal- 
ity in the absence of any relevant history. 
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Patients known to have inherited abnormalities 
of coagulation, such as haemophilias A and B, and 
von Willebrand disease, need specialist haematology 
input because they are likely to need supplement- 
ation of specific factor concentrates prior to surgery, 
guided by factor assays. This is particularly true of 
patients known to have antibodies (inhibitors) to 
the factor in question. Due to the incidence of spon- 
taneous joint or muscle haemorrhage in patients 
with severe disease, it is rare for them to present for 
unrelated surgery with an occult diagnosis of hae- 
mophilia. Less severe disease (e.g. patients who are 
heterozygous for haemophilia and have abnormally 
low factor concentrations) or acquired disease (e.g. 
acquired von Willebrand disease) may occasionally 
present unexpectedly during surgery, and a suspicion 
of abnormal clotting during surgery should prompt 
the anaesthetist to send blood samples for assessment 
of the coagulation profile. 

In the past, the use of factor concentrates from 
pooled donor units meant that many patients with 
haemophilia were infected with HIV or hepatitis vi- 
ruses, and older patients may therefore be infected. 

Depending on the type of haemophilia, tranexamic 
acid (an antifibrinolytic), desmopressin (DDAVP) or 
repeated factor infusions may need to be given intra- 
operatively. The use of desmopressin may be as- 
sociated with water retention and, potentially, acute 
hyponatraemia. 

Acquired coagulopathy can also occur as an acute 
event, for example: following major trauma, during 
major haemorrhage or in the presence of disseminated 
intravascular coagulopathy (DIC). In major haemor- 
rhage, clotting factors can become depleted if not re- 
placed promptly. The management of coagulopathy in 
major haemorrhage should be guided by clinical ur- 
gency and laboratory tests (Fig. 13.2). 

Intramuscular injections are not recommended in 
coagulopathic patients because of the risk of intra- 
muscular haemorrhage, and the use of NSAIDs may 
exacerbate the bleeding tendency. 


Coagulopathy of Trauma. Patients who have suffered 
major trauma have a high incidence of coagulopa- 
thy. This is multifactorial and complex but certainly 
appears before administration of intravenous flu- 
ids or blood products, so is not solely an iatrogenic 
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TABLE 13.2 


Conditions Which are Known to Increase Blood Loss 


Conditions Which Cause Bleeding or Promote Blood Loss 


Coagulopathies Anticoagulant drugs See Table 13.3 
Auto-antibodies Antibodies to individual factors, associated with haemophilia treatment 
Congenital diseases Common disorders include: 
= Factor XI deficiency 
m Haemophilia A and Haemophilia B (Christmas disease) 
= von Willebrand disease 
Disseminated Common causes include: 
intravascular = Allergy 
coagulation (DIC : i ; 
8 (Die) = Embolism (e.g. pulmonary embolism, fat embolism) 
= Extracorporeal circulation 
= Infection 
m Malignancy 
m Pregnancy complications (e.g. abruption, amniotic fluid embolism, fetal death, 
pre-eclampsia) 
= Transfusion reactions 
= Trauma and burns 
Haemodilution Massive transfusion 
Liver disease As a result of thrombocytopaenia or reduced coagulation factor synthesis 
Vitamin K deficiency Biliary tract or bowel disorders 
Inadequate diet 
Envenomation Various snake venoms have the ability to cause hypofibrinogenaemia, DIC or platelet 
antagonism 
Platelet Decreased Aplastic anaemia 
disorders production Congenital (e.g. Fanconi’s) anaemia 


Increased 
consumption 


Folate deficiency 

Liver disease 

Malignancy with marrow infiltration 

Marrow fibrosis or myelodysplastic syndrome 
Radiation poisoning 

Toxins (drug or chemical reactions, including alcohol) 
Tuberculosis with marrow infiltration 

Vitamin B,, deficiency 

Viral infections (e.g. HIV) 


Autoimmune thrombocytopaenic purpura 

DIC 

Drugs causing immune-mediated reactions (e.g. heparin/HIT*) 

HELLP syndrome (in pregnancy)** 

Hypersplenism 

Infections causing immune-mediated reactions (e.g. HIV, mononucleosis) 
Paroxysmal nocturnal haemoglobinuria 

Post-transfusion purpura 

Sepsis 

TTP/HUSt 


Continued 
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TABLE 13.2 


Conditions Which are Known to Increase Blood Loss—Cont'd 


Impaired function Congenital (e.g. Glanzmann’s thrombasthenia) 


Drugs (see Table 13.3) 
Hypergammaglobulinaemia 
Myeloproliferative diseases 


Uraemia 
Vascular Acquired Henoch-Schönlein purpura 
disorders Vitamin C deficiency (scurvy) 


Congenital Hereditary haemorrhagic telangiectasia 


Ehlers-Danlos syndrome 


*Heparin-induced thrombocytopaenia (HIT) 
**HELLP syndrome (Haemolysis, Elevated Liver enzymes, Low Platelets) 
‘Thrombotic thrombocytopaenic purpura/haemolytic uraemic syndrome (TTP/HUS) 


TABLE 13.3 


Drugs which are Known to Increase or Reduce Blood Loss 


Commonly Used Drugs Which Increase Blood Loss 


Antiplatelet agents = ADP receptor inhibitors Clopidogrel, prasugrel, ticagrelor, ticlopidine 
m cAMP inhibitors Dipyridamole 
m Cyclo-oxygenase inhibitors Aspirin, non-steroidal anti-inflammatory drugs 
(NSAIDs) 
= Glycoprotein IIb/Illa antagonists Abciximab, eptifibatide, tirofiban 
= Phosphodiesterase inhibitors Cilostazol 
= Thromboxane inhibitors Terutroban 
= Thromboxane & PGDF inhibition Prostacyclin (e.g. epoprostenol) 
Anticoagulants = Factor X inhibitor Rivaroxaban, fondaparinux 
m Heparins (factors II, Xa) Heparin (unfractionated), low molecular weight 
heparins (LMWH), heparinoids (e.g. danaparoid) 
= Thrombin (factor II) inhibitors Dabigatran, argatroban, hirudins (e.g. lepirudin, 
bivalirudin) 
= Vitamin K antagonists (factors II, VII, IX, X) Coumarins (e.g. warfarin), phenindione 
Fibrinolytic drugs = Plasminogen activation Alteplase, reteplase, streptokinase, tenecteplase, 
urokinase 
Miscellaneous = Calcium (factor IV) antagonism Citrate* 
= Inhibition of factor conversion (V-Va; Activated protein C** 
VIII-Villa) 


Drug-eluting stents*** 


Aminocaproic acid 


Aprotinin 


Drugs Which Reduce Blood Loss 
Plasminogen activation inhibitor 


Inhibitor of plasmin, trypsin, chymotrypsin, kallikrein, thrombin and activated protein C 


Continued 
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TABLE 13.3 


Drugs which are Known to Increase or Reduce Blood Loss—Cont'd 


Conjugated Stimulate factors VII, XII and von Willebrand factor release 
oestrogens 
DDAVP Stimulates factor VIII and von Willebrand factor release 


(desmopressin) 
Etamsylate 
Protamine Reverses the effects of heparin 


Tranexamic acid 


Vitamin K 
antagonists 


Miscellaneous 
platelet gels, cyanoacrylates 
Various blood components* 


Increased platelet aggregation, possible inhibition of prostacyclin metabolites 


Plasminogen activation inhibitor (and plasmin inhibitor at high doses) 


Required for the production of factors II, VII, IX and X; therefore can reverse the effects of vitamin K 


Topical haemostatic agents, e.g. oxidized cellulose, thrombin sealants, fibrin sealants, chitin dressings, 


*Citrate may be used to anticoagulate some dialysis machines, and may be used to ‘lock’ central lines (i.e. keep them from becoming blocked 


with blood clot) 
**Activated Protein C has been used in the treatment of severe sepsis 


***Used in various angioplasty procedures; mechanism of action depends on drug being released by the stent 


tSee Table 13.8 


Reproduced from Levi M, Toh CH, Thachil J, Watson HG. Guidelines for the diagnosis and management of disseminated intravascular coagulation. 
British Committee for Standards in Haematology. British Journal of Haematology 2009; 145(1): 24-33. © Blackwell Publishing. 


haemodilution effect. The factors associated with co- 
agulopathy are listed in Table 13.4. These factors in- 
teract in particular in the ‘lethal triad’ of hypothermia, 
acidosis and coagulopathy. The effect of hypothermia 
is not seen in routine coagulation testing because these 
are performed at 37°C. 

Most trauma centres now have well defined policies 
for managing major blood loss (see below). Following 
publication of the CRASH-2 study, tranexamic acid 
(1g as soon as possible after injury, followed by 1g 
given over 8h) is recommended for patients present- 
ing with major trauma. 


Disseminated Intravascular Coagulation (DIC). In 
DIC, the microcirculation of different organs becomes 
damaged by fibrin clots generated by coagulation 
pathways which become hyperactive. The pathophysi- 
ological production of so many fibrin clots results in 
a consumptive coagulopathy rendering the patient 
susceptible to haemorrhage as a result of surgery 
or other invasive procedures. The causes of DIC are 
shown in Table 13.2. If DIC is suspected, the cause 
should be identified and corrected wherever possible. 
The diagnosis of DIC can be difficult to make and re- 
lies upon evaluating the results of several aspects of a 


coagulation profile. A scoring system exists to evalu- 
ate the likelihood of DIC (Table 13.5). Patients who 
develop DIC in the perioperative period, or who re- 
quire surgery to treat the cause of DIC (e.g. patients 
with intra-abdominal sepsis), are at increased risk of 
major haemorrhage. They are likely to need replace- 
ment of consumed coagulation factors in the form 
of platelets, fresh frozen plasma and cryoprecipitate. 
Haematological advice should be sought whenever 
DIC is suspected. 

Occasionally, DIC may present as a predominantly 
thrombotic condition, and in these cases, the use of 
heparin may be indicated. 


Drug-Induced Coagulopathies. A list of drugs known 
to increase blood loss is shown in Table 13.3. If pos- 
sible, provision should be made to discontinue these 
preoperatively, taking into account the amount of 
‘wash-out’ time which may be required. For example, 
vitamin K inhibitors such as warfarin can take up to 
5 or 6 days, and irreversible platelet inhibitors such as 
aspirin and clopidogrel may take up to 7 days (the time 
it takes to generate new platelets). In patients in whom 
continued anticoagulation is considered essential, for 
instance those at high risk of venous thromboembolic 
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Switchboard 


Blood bank/haematologist 


Haemorrhagic shock identified 


Follow local guidelines for informing: 
Consultant in charge 


The following information will be 
required: 


1. Contact name and telephone number 
of doctor in charge 


2. Any known patient details: 


Location 
Name 


1. Identify and control source of bleeding if 
possible* 


2. Send pre-transfusion screening sample 
for group and antibody screen, and full 
blood count and coagulation studies 


Date of birth 

Gender 

Identification no. 

Estimated weight 

ABO & Rh group 
3. What type and volume of blood 
component is required 


needed 


Red cells Use emergency O negative red cells from designated fridge or 
needed =P | blood bank 
immediately Send patient sample and request form urgently to blood bank 
Redicalis Send patient sample and request form urgently to blood bank 
i in > ABO & RhD group specific red cells made available within 15 min 
15 mi of receiving sample — full cross-match carried out on released 
run samples, results available within 30 min 
Red cells Send patient sample and request form urgently to blood bank 
needed in p Full cross-match performed and blood released within 45 min of 
45 min receiving sample — if patient has a historic sample and a group 
and screen on current sample, blood may be immediately available 
Allow time for preparation, collection or delivery 
Consider adjuvant therapy with antifibrinolytic (e.g. tranexamic 
acid) or recombinant factor Vila (N.B. this is an unlicensed 
indication) 
e Anticipate platelet count < 50 x 109 L-1 after 1.5-2 x blood volume replacement, 
Platelets, FFP, aim for > 100 x 109 L7! for multiple/CNS trauma; > 75 x 109 L-1 for other situations 
cryoprecipitate | => 


e Anticipate coagulation factor deficiency after blood loss of 1-1.5 x blood volume, 
aim for PT and APTT < 1.5 x normal and fibrinogen > 1.0 g L~, allow for 30 min 
thawing time and give 12-15 ml kg~! (1 L or 4 units for an adult). May need 
to use FFP before laboratory results are available — take sample for PT, APTT, 
fibrinogen before FFP transfused 

e Cryoprecipitate may be needed to replace fibrinogen and FVIII, aim for fibrinogen 
> 1.0 g L7". Allow for 30 min thawing time and give 2 x 5 donation pools for mid- 
sized adults 


. Haemorrhage control may require surgical, endoscopic or radiological intervention 
. Fluid resuscitate patient with crystalloids/colloids alongside blood products as required using wide-bore venous 


access or equivalent. Aim to maintain normal blood pressure and urine output > 0.5ml kg”! h™' 


. In patients with cardiac or large vessel injury, volume replacement may need to be restricted. This should be 


discussed with the surgical team 


. Ensure the patient is kept warm, use blood warmers where possible 
5. Consider cell salvage if possible 
6. Use laboratory data to guide blood product requirements. Check FBC, PT, APTT, fibrinogen, biochemical profile, 


blood gases. Repeat FBC, PT, APTT, fibrinogen every 4h, or after 1/3 blood volume replacement, 
or after infusion of FFP 


7. Treat any underlying causes of DIC where possible — shock, hypothermia, acidosis, sepsis 


FIGURE 13.2 


Sample major haemorrhage protocol. 
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TABLE 13.4 


Factors Associated with Coagulopathy in Trauma 


Physiological dilution of clotting factors 
Hypothermia 

Acidosis 

Red cell loss 

Trauma-induced fibrinolysis 
Injury-related inflammation 
Hypoperfusion 

Hypocalcaemia 

Genetic predispositions 

latrogenic - dilution by fluids, anticoagulant effects of 
intravenous fluids 


TABLE 13.5 


Diagnostic Scoring System for Disseminated 
Intravascular Coagulation (DIC) 


If the patient has an underlying disorder known to be 
associated with overt DIC, score as below 


Platelet count 

= >100x10°L"! 0 points 
= 50-100 x 10°L"' 1 

m <50x10°L" 2 
Elevated fibrin marker (e.g. D-dimer or fibrin degradation 
products) 

= No increase 0 

= Moderate increase 1 

m Strong increase 2 
Prolonged PT 

= <3s more than normal 0 

= 3-6s more than normal 1 

= >6s more than normal 2 
Fibrinogen level 

a >1gL" 0 

a <1gL" 1 


A calculated score >5 is compatible with overt DIC. The score 


should be repeated daily 


A calculated score <5 may be suggestive of non-overt DIC. The 
score should be repeated every 1-2 days. 


Adapted from the ISTH Diagnostic scoring system for DIC 


disease, ‘bridging’ therapy during the wash-out period 
with shorter-acting anticoagulants such as an unfrac- 
tionated heparin infusion or low molecular weight 
heparins (LMWHs) may be considered. These shorter 
acting agents can be stopped closer to the time of 


surgery in order to minimize the amount of time the 
patient is without anticoagulants. In the case of LMWHs, 
this should be 24h before surgery, with the last dose 
being reduced to half normal. In the case of an unfrac- 
tionated heparin infusion, this can be stopped 2-6h 
prior to surgery and the level of anticoagulation moni- 
tored by measuring the APTT of the patient’s blood. 

For patients who have discontinued warfarin ther- 
apy, it is advised that the patient’s INR is tested on 
the day of surgery. An INR of <1.5 is normally consid- 
ered safe for most surgical procedures, although lower 
ratios may be preferred by surgeons working in highly 
sensitive areas, for example neurosurgery. 

If surgery is required urgently, it may be necessary 
to reverse the effects of anticoagulant therapy acutely. 
This should be done under the guidance of a haema- 
tologist, but in the case of heparin may involve the use 
of protamine. Rapid reversal of vitamin K-dependent 
coagulopathy can be achieved safely with prothrombin 
complex concentrates (PCC). Vitamin K takes hours to 
work and should be given at the same time in order to 
reduce the risk of postoperative coagulopathy. In less 
urgent situations, vitamin K can be given alone, or the 
warfarin simply stopped for a few days. In acute circum- 
stances where drugs are thought to be affecting platelet 
function, platelet transfusions may be considered. 


Thrombocytopaenia. Thrombocytopenia is usually 
defined as a platelet count less than 100x10°L"!, but 
the point at which thrombocytopaenia becomes clini- 
cally important depends upon the clinical scenario. 
Conditions which can result in thrombocytopaenia are 
shown in Table 13.2. In patients whose platelet count 
is low, or platelet function is thought to be impaired, 
a perioperative platelet transfusion may be required. 

In the majority of patients with thrombocytopae- 
nia, spontaneous bleeding is unlikely to occur if the 
platelet count is greater than 10X10°L7!. There is no 
clear consensus as to what level of platelet count is ac- 
ceptable for any given procedure, but the following 
guidance has been suggested: 


m >20X10°L"' — for a minor intervention (e.g. in- 
sertion of a urinary catheter or nasogastric tube) 

m >30X10°L" — for the insertion of a central 
venous catheter under ultrasound guidance 
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= >60-80x10°L~ — for epidural insertion or neur- 
axial blockade 

m >80X10°L™ — for uncomplicated surgery 

m >100X10’L~'—major haemorrhage, major trauma 
or CNS trauma 


It should be noted that platelet transfusions are 
relatively contra-indicated in haemolytic uraemic 
syndrome/thrombotic thrombocytopaenic purpura 
(HUS/TTP) where their use may precipitate further 
thrombosis. In such cases, the risk of transfusion 
should be weighed against the risk of bleeding. 

One cause of thrombocytopaenia of particular note 
in the perioperative setting is heparin-induced throm- 
bocytopaenia (HIT). HIT is an antibody-mediated reac- 
tion which is thought to occur after exposure to heparin 
occurring concurrently with a physiological insult such 
as surgery. It is more strongly associated with unfrac- 
tionated heparin than LMWHs, usually occurs 4—6 days 
after exposure and results in a falling platelet count, 
the nadir of which is 30-50% lower than the patient’s 
‘normal’ value. HIT rarely results in acute haemorrhage, 
but is thought to be associated with a pro-thrombotic 
tendency requiring the patient to be treated with an al- 
ternative anticoagulant such as danaparoid (warfarin is 
not suitable in this situation). Several scoring systems 
exist to evaluate the likelihood of HIT, and a laboratory 
ELISA can be used for confirmation. 


INTERVENTIONAL PROCEDURES 
AND REGIONAL ANAESTHESIA IN 
COAGULOPATHIC PATIENTS 


Interventional procedures such as the insertion of cen- 
tral venous catheters, epidural block or regional nerve 
blocks constitute a significant risk in coagulopathic 
patients in terms of haemorrhage or haematoma for- 
mation. Of particular note are the risks of airway ob- 
struction from failed jugular venous catheter insertion, 
and paralysis caused by epidural haematoma formation. 

It is likely that the routine use of ultrasound imag- 
ing has reduced the risks associated with many proce- 
dures, but in profoundly coagulopathic patients it may 
still be advisable to resort to alternative, ‘safer’ tech- 
niques; for example, central venous catheterization of 
the femoral vein may be preferable to the subclavian 
or internal jugular routes. 
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The level of coagulopathy at which various proce- 
dures can be considered ‘safe’ is far from clear. Regarding 
thrombocytopaenia, suggested platelet counts have 
been mentioned in the previous section, whilst INR and 
APTT ratios of <1.4 have been considered relatively safe 
for most procedures undertaken by anaesthetists. 

Safe levels of clotting factors in patients with inher- 
ited disorders such as haemophilia are not known, and 
in these cases a risk/benefit analysis will be necessary. 

Drugs causing coagulopathic problems which are 
difficult to measure present specific problems. A va- 
riety of consensus statements, based on evidence from 
case series, exist on the safety of neuraxial blockade in 
differing circumstances. Typical responses include: 


= LMWH (thromboprophylaxis dose): needle inser- 
tion should be delayed until 12h after last dose; epi- 
dural catheters should be removed at least 12h after 
the last dose and at least 4h before the next dose 

m Subcutaneous unfractionated heparin thrombo- 
prophylaxis: needle insertion should be delayed 
until 4h after the last dose; epidural catheters should 
be removed at least 1h before the next dose 

= NSAID therapy, including low-dose aspirin, can 
be continued and does not seem to represent an 
increased risk 

= Ticlopidine: should be discontinued 14 days 
prior to neuraxial blockade 

m Clopidogrel: should be discontinued 7 days prior 
to neuraxial blockade 

m GliIb/IHa inhibitors: should be discontinued 
9-48 h prior to neuraxial blockade. 


It should be noted that evidence in this area is 
sparse, and that these guidelines are incomplete, diffi- 
cult to extrapolate into different settings (e.g. regional 
anaesthetic techniques with lower associated risk) and 
may not represent best practice. When in doubt, senior 
anaesthetic and/or specialist haematological advice 
should be sought. 


THROMBOSIS AND ACUTE 
ISCHAEMIC EVENTS 


All hospital patients should undergo an assessment 
of their risk of developing venous thromboembo- 
lism (VTE) in order to ensure that appropriate pro- 
phylactic measures are taken. Reassessment should 


be undertaken after 24h, and at any time that the 
patient’s clinical condition changes. Any assessment 
should weigh the risk of developing VTE against the 
risk of bleeding which might occur when pharmaco- 
logical prophylaxis is prescribed (Tables 13.6 and 13.7). 
Methods of pharmacological prophylaxis include sub- 
cutaneous low molecular weight heparins, subcutane- 
ous unfractionated heparin and newer anticoagulants 
such as fondaparinux, dabigatran and rivaroxaban. 
Antiplatelet agents such as aspirin are not considered 
to provide adequate protection against VTE when used 
in isolation. 

Mechanical methods of VTE prophylaxis are of- 
ten also used, either as an adjunct to pharmacologi- 
cal methods, or as an alternative to them where the 
bleeding risk is considered high. Mechanical methods 
include anti-embolism stockings, and foot-impulse or 
pneumatic compression devices (both stockings and 
compression devices may be thigh or knee length). 
There is very little evidence to support the use of 
any one mechanical device rather than the alterna- 
tives. Mechanical methods may not be appropriate in 
patients with damaged skin, peripheral neuropathy, 


TABLE 13.6 


Conditions which are Known to Increase 
Thrombosis Risk 


Acquired Antiphospholipid syndrome 

Cardiac failure 

Diabetes 

Heparin-induced thrombocytopaenia 
Hyperlipidaemia 

Malignancy 

Myeloproliferative disorders 

Nephrotic syndrome 

Oral contraceptive pill (oestrogen therapies) 
Paroxysmal nocturnal haemoglobinuria 
Polycythaemia 

TTP/HUS* 


Congenital Antithrombin deficiency 
Dysfibrinogenaemia 

Factor V Leiden variant (activated protein C 
resistance) 

Hyperhomocysteinaemia 

Protein C deficiency 


Protein S deficiency 


Prothrombin genetic variant 


*Thrombotic thrombocytopaenic purpura/haemolytic uraemic 
syndrome (TTP/HUS) 
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oedema, peripheral arterial disease, or other conditions 
in which fitting the devices might be problematic or 
cause damage. 

In patients who are at very high risk of both bleeding 
and thromboembolic events, the pre-emptive insertion 
of a vena cava filter may be required. 


PATIENTS WITH HAEMATOLOGICAL 
MALIGNANCY 


Unless the patient has an intercurrent coagulopathy 
or neutropaenia, the anaesthetic implications of hae- 
matological malignancies are relatively limited. If a 
patient has been treated previously with chemothera- 
peutic agents, special attention should be made to pre- 
operative cardiorespiratory assessment because some 
agents increase the risk of pulmonary fibrosis, pneu- 
monitis, cardiomyopathy and hypertension. Patients 
who are likely to undergo haematopoietic stem cell 
transplants (bone marrow transplants), or who are 
treated with purine analogue, and who are needing 
blood product transfusions, are likely to need ‘special 
measures’ such as irradiated blood products or blood 
which is confirmed to be negative for cytomegalovirus 
(CMV negative). These patients should be discussed 
with a haematologist prior to transfusion. 


BLOOD PRODUCTS AND BLOOD 
TRANSFUSION 


The transfusion of whole blood is relatively uncom- 
mon and donated blood is usually separated into 
its constituent components, which are then avail- 
able for transfusion. A wide range of blood products 
are available, the most common of which are listed 
in Table 13.8, along with their indications. Units of 
packed red cells are most commonly transfused during 
the resuscitation of acute haemorrhage, or as a treat- 
ment of symptomatic anaemia. 

Red cell concentrates are commonly leukocyte 
depleted and resuspended to a haematocrit of 0.6. In 
the UK, the red cells are usually suspended in an ad- 
ditive solution: SAGM (Saline maintains isotonicity; 
Adenine as an ATP precursor to maintain red cell vi- 
ability; Glucose for red cell metabolism; Mannitol to 
reduce red cell lysis). These additives are designed to 
extend the safe storage period and the packed red cells 
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TABLE 13.7 


Risk Assessment for Venous Thromboembolism (VTE) 


Patients Who are at Risk of VTE 


Medical patients Surgical patients 
m Mobility significantly reduced for >3 days, OR = Total anaesthetic+surgical time >90 min OR 
m Expected to have ongoing reduced mobility relative to normal m Surgery involving pelvis or lower limbs and total 


state plus any VTE risk factor, OR anaesthetic+t surgical time >60 min OR 


m If pregnant (or up to 6 weeks post partum) and expected to m Acute surgical admission with inflammatory or intra- 
have significantly reduced mobility for >3 days or have one or abdominal condition OR 
more risk factor present m Expected to have significant reduction in mobility OR 
m Any VTE risk factor present OR 
= If pregnant (or up to 6 weeks post partum) and 
undergoing surgery 


VTE risk factors 

m Active cancer or cancer treatment 

m Age >60 years (>35 years if pregnant, or up to 6 weeks post partum) 

m Critical care admission 

= Dehydration 

m Known thrombophilias 

m Obesity (body mass index > 30kgm~ - if pregnant the BMI from pre- or early pregnancy should be used) 


m One or more significant medical comorbidities (e.g. heart disease; metabolic, endocrine, or respiratory pathologies; acute 
infectious diseases; inflammatory conditions) 


m Personal history of, or first degree relative with, a history of VTE 
m Use of hormone replacement therapy 

m Use of oestrogen-containing contraceptive therapy 

m Varicose veins or phlebitis 


m Current, or recent, pregnancy-related risk factors (including: ovarian hyperstimulation, hyperemesis gravidarum, multiple 
pregnancy, pre-eclampsia, excess blood loss or blood transfusion) 


Patients Who are at Risk of Bleeding 


All patients who have the following: 

m Active bleeding 

m Acquired bleeding disorders (e.g. acute liver failure) 

m Concurrent use of anticoagulants known to increase the risk of bleeding (e.g. warfarin with an INR >2) 
= Lumbar puncture/epidural/spinal anaesthesia within the previous 4h or expected within the next 12h 
m Acute stroke 

m Thrombocytopaenia (platelets <70 x 10° L71) 

m Uncontrolled systolic hypertension (>230 mmHg) 


m Untreated inherited bleeding disorders (e.g. haemophilia or von Willebrand’s disease) 


Adapted from the NICE guidelines, Venous thromboembolism: reducing the risk, 2010 


are kept refrigerated at 4°C. Currently, red cells can be Red Cell Storage Lesion 


stored for up to 5—6 weeks. There is ongoing debate as 
to whether the ‘storage lesion which occurs during this 
time is clinically relevant, with some studies suggest- 
ing that outcomes are worse for patients who have had 
‘old’ blood transfused. 


A variety of biochemical and immunological changes 
occur during red cell storage which may have clinical 
impact. 

2,3-DPG concentrations fall rapidly (undetectable 
within 2 weeks). The clinical consequence is less clear, 
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TABLE 13.8 


Indications and Uses of Blood Products 


Blood Product 


Indication 


Presentation and/or Dose 


Albumin (human albumin 
solution; HAS) 


Fluid resuscitation/correction of 
hypovolaemia* 


Therapeutic plasma exchange 

Ascites and large volume paracentesis 
Spontaneous bacterial peritonitis 
Hepatorenal syndrome 


Correction of hypoalbuminaemia** 


Iso-oncotic (4.5%) 
Hyperoncotic (20%) 
Volume depends upon product. 


Cryoprecipitate 


Correction of hypofibrinogenaemia 


Coagulopathy caused by major 
haemorrhage 


Disseminated intravascular coagulopathy 


Hereditary hypofibrinogenaemia 


Typically issued as 10 x 20-40 ml bags or 
1 x=300 mL bag 

300 ml contains 1.5-3 g fibrinogen 

In haemorrhage, maintain fibrinogen 
>1gL" 


Fresh frozen plasma (FFP) 


Correction of coagulation factor deficiencies 


Coagulopathy caused by major 
haemorrhage 


Liver disease 


Inherited coagulation deficiencies if specific 
factor concentrates not available 


Warfarin overdose if prothrombin complex 
concentrate not available 


Therapeutic plasma exchange 


Issued in bags of approximately 300 mL 
Dose is 12-15 ml kg™! (typically 1000 mL 
for an adult) 

In haemorrhage, transfuse to maintain 
prothrombin time and activate partial 
thromboplastin time at <1.5 x normal 
ranges 


Platelets 


Correction of thrombocytopaenia, or where there is 


evidence of platelet dysfunction 


Thrombocytopaenia caused by major 
haemorrhage 


Haematological malignancies and their 
treatment 


Idiopathic or thrombotic thrombocytopaenic 
purpura 


Disseminated intravascular coagulopathy 


Issued in bags of 250-300 mL 

Each bag increases platelet count by 
approximately 20 x 10°L" 

In haemorrhage associated with multiple 
trauma or CNS trauma, maintain platelet 
count >100 x 10°L"' 

In other situations, triggers may vary 

(see text) 


Red cells (packed red cells; 
PRC) 


Resuscitation of major haemorrhage 
Correction of symptomatic anaemia 


Treatment of sickle-cell crises 


Packed red cells are issued in bags of 
approximately 300 mL which will raise the 
haemoglobin concentration in adults by 
approximately 1g dL"! 

Transfusion triggers vary according to 
context (see text) 

Suspended in SAGM (saline, adenine, 
glucose, mannitol). 


*Albumin may be used safely for volume resuscitation, but there is little evidence to suggest that it is associated with improved outcomes when 
compared with other resuscitation fluids. It may be associated with worse outcomes when used in certain conditions such as traumatic brain 


injury. 


**The use of human albumin solution to correct hypoalbuminaemia is contentious. Hypoalbuminaemia is associated with increased mortality in 
critically ill patients, but actively correcting it is not clearly associated with improved outcome. Hyperoncotic albumin has also been used in the 
management of adult respiratory distress syndrome (ARDS). 
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probably because 2,3-DPG concentrations are restored 
to normal very rapidly following transfusion. 

ATP depletion occurs during storage, particularly 
beyond 5 weeks, and is associated with morphological 
changes. As with 2,3-DPG, ATP normalizes promptly 
following transfusion and the morphological changes 
reverse. 

Haemoglobin has been shown to be an important 
part of the control of regional blood flow due to its 
interaction with nitric oxide. This ability is lost early 
(days) following blood storage, but the clinical impact 
of this is not yet clear. 

Morphological changes during storage are com- 
plex, but in general, red cells become less deformable; 
these changes may be only partly reversible. 

It has long been recognized that red cell transfusion 
can have systemic immunological effects including ef- 
fects on organ transplants, infection and malignancy. 
The causes of these effects are not clear but may in- 
volve residual leukocytes and immunological media- 
tors released by red cells. 

In patients who are asymptomatic and not actively 
bleeding, current evidence suggests that there is no ben- 
efit in transfusion provided that the haemoglobin con- 
centration is 7 g dL“, or greater. This ‘trigger’ of 7 g dL’ 
is derived from the “Transfusion requirements in critical 
care’ trial (TRICC trial, Herbert P., et al, New England 
Journal of Medicine, 2009). Despite the publication of 
this study, there remains doubt as to what the ‘safe’ level 
of anaemia is for patients with some specific conditions, 
including ischaemic heart disease, head injury and acute 
burns. For patients who are symptomatic, or who are 
actively bleeding, a higher target haemoglobin concen- 
tration of 9-10g dL" is often adopted. 

Packed red cells must be checked before they are 
transfused to ensure that the donated blood is compati- 
ble with the recipient’s blood, the most important aspect 
of which is ABO and Rhesus D (RhD) compatibility. 


m Patients of blood group O can receive only group 
O donated blood 

m Patients of blood group A can receive group O or 
group A donated blood 

m Patients of blood group B can receive group O or 
group B donated blood 

= Patients of blood group AB can receive groups O, 
A, B or AB donated blood 
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m Patients with RhD positive blood can receive 
RhD positive or RhD negative blood 

m Patients with RhD negative blood will prefer- 
entially be given RhD negative blood, but occa- 
sionally may be transfused RhD positive blood 
unless they are an RhD negative female patient 
with child-bearing potential, in which case they 
should only ever receive RhD negative blood. 


Other, less common, red blood cell antibody/antigen 
reactions may also occur, and if time allows, a full cross- 
match should be undertaken. In more urgent situations 
a more limited approach may be necessary (Fig. 13.2). 

The transfusion of FFP also depends upon ABO 
grouping, but is more complex. Group O FFP may 
only be given to group O patients, whilst FFP of groups 
A, B and AB may given to any recipient, but only if it 
does not contain a ‘high-titre’ of anti-A or anti-B activ- 
ity. If possible, the transfused unit of FFP should be of 
the same group as the recipient. 

The transfusion of blood products is not without 
risk, and, if possible, should not be done without the 
informed consent of the recipient. A list of the most 
common complications of transfusion is shown in 
Table 13.9. Of particular note are the risks associated 
with the transfusion of incompatible blood products, 
which are considered to be ‘Never Events’ within the 
UK (the equivalent to ‘No Pay’ events within the US 
system). A ‘zero-tolerance’ approach to pre-transfusion 
sampling, and blood product checking and adminis- 
tration is recommended, which includes: 


m taking blood samples from one patient at a time 

m hand-writing all blood sample tubes and forms 
at the bedside after sampling, having positively 
identified the patient by full name, date of birth 
and hospital identification number 

m patient identification should involve check- 
ing any identification band which the patient is 
wearing as well as a verbal confirmation from the 
patient of full name and date of birth, if possible 

m all blood products should be prescribed on a record 
which also contains the above patient identification 

m all blood products should be checked prior to ad- 
ministration, and the patient’s identity confirmed 
for a second time; all the patient details present 
on the prescribed unit of blood must match ex- 
actly the verbal response from the patient, the 
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TABLE 13.9 


Errors and Complications of Blood Transfusion (as Classified and Defined by the SHOT Report 2009) 


Acute transfusion reaction 


Febrile, allergic or hypotensive reactions occurring within 24h of a transfusion (excluding 
incorrect component transfusion, haemolytic reactions, TRALI, TACO, or bacterial 
contamination) 


Anti-D related events 


Failure to administer Anti-D when required, or incorrect dose 
Inappropriate administration of anti-D 
Expired or inappropriately stored medication 


Autologous transfusion events 


Incorrect use or assembly of cell-saving equipment 
Hypotension, bradycardia, pyrexia or rigors associated with the transfusion of autologous 


blood 


Haemolytic transfusion reaction 
(HTR) 


Can be acute (AHTR) or delayed (DHTR) 
More common in patients with sickle-cell disease 
Can involve antibodies not commonly associated with haemolytic transfusion reactions 


Handling and storage errors 


Failure to adhere to ‘cold chain’ 

Use of expired red cells 

Excessive unit transfusion time 

Technical error (e.g. leaking bag, wrong administration set) 


Inappropriate and/or 
unnecessary transfusion 


Erroneous, spurious or incorrectly documented laboratory results 
Unnecessary transfusions as a result of poor understanding and knowledge 
Delayed or inadequate transfusion 


Incorrect blood component 
transfused (including ABO 
incompatible blood) 


Phlebotomy or laboratory errors (e.g. mis-labelling of samples) 
Inadequate bedside transfusion checks 
Failure to meet patient’s special requirements when necessary* 


Post-transfusion purpura 


Thrombocytopaenia 5-12 days after red cell transfusion caused by platelet antibody 
production 


Transfusion-associated 
circulatory overload (TACO) 


Circulatory overload as a result of transfusion resulting in tachycardia, hypertension, acute 
respiratory distress, or pulmonary oedema 


Transfusion-associated dyspnoea 
(TAD) 


Respiratory distress occurring within 24h of transfusion, but not as a result of TACO, TRALI, 
allergy, or any co-existing medical condition 


Transfusion-associated graft- 
versus-host disease (TA-GvHD) 


The engraftment and clonal expansion of viable donor lymphocytes contained in blood 
components in a susceptible host characterized by fever, rash, liver dysfunction, diarrhoea, 
pancytopenia and bone marrow hypoplasia occurring less than 30 days following transfusion; 
generally fatal. 


Transfusion-related acute lung 
injury (TRALI) 


Acute dyspnoea with hypoxia and bilateral pulmonary infiltrates on chest X-ray; occurring 
within 6h of transfusion and not associated with TACO. Thought to be more commonly 
associated with FFP and platelet transfusions from female donors. 


Transfusion-transmitted infection 


Potential contaminants include: 
= Bacterial contamination 

= Malaria 

= HIV 

= Hepatitis viruses 

= HTLV 


= New variant Creutzfeldt-Jakob disease 


*Special requirements include irradiated blood, or blood where cytomegalovirus is absent (CMV negative blood) - for indications see text 
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patient’s identification band and the prescription 
record, and this should be confirmed by a second 
person performing an independent check 

m if there are any discrepancies, the transfusion 
should not go ahead 

m the details of the transfused product, including 
any serial numbers, should be recorded on the 
transfusion record 


In Europe there is a legal obligation to keep a per- 
manent record of all blood products that have been 
transfused. 


MAJOR HAEMORRHAGE 


When major haemorrhage occurs, it is often necessary 
to transfuse large volumes of both packed red cells and 
products which promote clotting, such as fresh frozen 
plasma (FFP), cryoprecipitate and platelets. Major 
haemorrhage protocols have been developed in or- 
der to aid this process, an example of which is shown 
in Figure 13.2. If possible, the transfusion of red cells 
and clotting products should be guided by labora- 
tory results, or by near-patient testing (for example 
near-patient haemoglobinometers or thromboelasto- 
graphy — TEG). However, waiting for confirmation of 
coagulopathy before administering appropriate ther- 
apy is likely to lead to greater blood loss, use of more 
blood products and worse outcome. Major trauma is 
well recognized as causing early coagulopathy even 
before any fluids or blood products are given. 

There is no universal agreement about the relative 
proportions of RBC:FFP:platelets:cryoprecipitate that 
should be given. However, there is reasonable evidence 
to suggest that early aggressive prevention/control of 
coagulopathy is beneficial in terms of overall blood 
product use and probably outcome. 

Good communication among all members of the 
team and the haematology department are crucial to 
the management of major haemorrhage, whatever the 
setting. Prevention/correction of coagulopathy should 
always go hand in hand with control of the bleeding 
source. 


Predictable Blood Loss 


If large volumes of blood loss (>1000mL or >20% 
of estimated total blood volume) are anticipated, for 
example during major elective surgery, it should be 
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planned for in advance. In patients who are known to 
be anaemic, the cause of the anaemia should be inves- 
tigated and, if possible, corrected before surgery. Some 
patients may require iron (either oral or intravenous) 
or vitamin supplementation in the weeks leading up to 
the operation. Some patients with pre-existing symp- 
tomatic anaemia, or requiring urgent surgery, may 
require preoperative blood transfusion. For patients 
who are not anaemic, autologous donation of blood 
is used occasionally. By donating blood in the preop- 
erative period, patients can both regenerate their own 
red cell counts and have a supply of their own blood 
stored for later transfusion. The major drawback of 
this technique is that an established system needs to be 
in place within the hospital where surgery is planned, 
and multiple hospital visits are required in the weeks 
preceding surgery. 

The management of patients with a known coagu- 
lopathy should be discussed with a haematologist be- 
fore surgery because clotting factor replacement may 
be required. If patients are prescribed medication that 
is known to affect blood clotting, consideration should 
be given to stopping this prior to anaesthesia, if pos- 
sible, as discussed above. 

Blood conservation strategies should be employed 
whenever possible. These can involve the proactive or 
reactive use of pharmacological treatments, for exam- 
ple the administration of tranexamic acid, or topical 
fibrin sealants (Table 13.3). Alternatively, mechanical 
methods of blood conservation may be employed, for 
example the use of tourniquets for lower limb surgery. 

Intraoperative cell salvage (ICS) is a method of 
blood conservation in which blood which is lost dur- 
ing surgery is collected by surgical suction, mixed with 
fluid containing an anticoagulant (usually citrate) and 
then centrifuged in order to create an autologous red 
cell concentrate which can be transfused back into 
the patient. The whole procedure is performed in the 
operating theatre, with an almost continuous circuit 
between surgical suction and transfusion. Cell salvage 
is particularly useful for patients in whom transfusion 
is complicated by a refusal to accept allogeneic blood, 
or by the lack of availability of a rare blood type. Cell 
salvage has been used successfully in a wide variety of 
surgical operations, including caesarean section and 
operations for malignancy. When used during obstet- 
ric haemorrhage, there is no evidence to suggest that 


the risk of amniotic fluid embolism is increased, de- 
spite the theoretical risk. The use of cell salvage during 
operations for malignancy remains controversial due 
to the potential risk of metastatic spread, which may 
be present even if salvaged blood is transfused through 
a leukocyte filter. At present, there is no evidence to 
support these concerns; and in the case of surgery 
for urological malignancy, there are case series which 
suggest no increased risk to survival if cell salvage is 
used in conjunction with a leukocyte filter. Cell salvage 
should not be used in procedures in which there is the 
potential for blood to become contaminated by faecal 
contents, pus, iodine, orthopaedic cement or topical 
clotting agents. 


Jehovah’s Witnesses 


Blood transfusion is not acceptable to most patients 
who are Jehovah’s Witnesses, even if refusal may in- 
crease their risk of death. In most cases, this prin- 
ciple also extends to blood products such as FFP and 
platelets, although this should be checked with each 
individual because each may interpret differently the 
definition of what constitutes a blood transfusion. If an 
adult Jehovah’s Witness has clearly indicated that they 
will not accept a blood transfusion, and it is evident 
that they have the mental capacity to make such a deci- 
sion, it is not ethical to proceed with a transfusion. This 
remains true even if, at some later point, the patient 
loses capacity, for example by becoming unconscious. 
Many hospitals provide specific consent forms for 
Jehovah’s Witnesses which cover the risks associated 
with transfusion refusal, and many hospitals also have a 
Jehovah’s Witness liaison who may be able to advise on 
what alternative therapies are acceptable. For example, 
intraoperative cell-salvaged blood is often acceptable, as 
is the use of cardiopulmonary bypass technology where 
there has been no priming with autologous blood. 
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The general principles of blood conservation 
outlined above are the same in Jehovah’s Witnesses 
as in other patients. However, when haemorrhage be- 
comes extreme, it is likely that the patient will need 
extended postoperative critical care management, 
which may include elective mechanical ventilation, 
and measures to stimulate haemoglobin recovery 
such as iron supplementation and the administration 
of erythropoietin. 
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K nowledge of some physics is required in order 
to understand the function of many items of appara- 
tus for anaesthesia delivery and physiological moni- 
toring. This chapter emphasizes the more elementary 
aspects of physical principles and it is hoped that the 
reader may be stimulated to study some of the books 
written specifically for anaesthetists and which ex- 
amine this topic in greater detail (see “Further read- 
ing’). Sophisticated measurement techniques may be 
required for more complex types of anaesthesia, in 
the intensive care unit and during anaesthesia for se- 
verely ill patients, and an understanding of the prin- 
ciples involved in performing such measurements 
is required in the later stages of the anaesthetist’s 
training. 

This chapter concentrates on the more common 
applications, including pressure and flow in gases and 
liquids, electricity and electrical safety. However, it is 
necessary first to consider some basic definitions. 


BASIC DEFINITIONS 


It is now customary in medical practice to employ the 
International System (Système Internationale; SI) of 
units. Common exceptions to the use of the SI sys- 
tem include measurement of arterial pressure and, to 
a lesser extent, gas pressure. The mercury column is 
used commonly to calibrate electronic arterial pres- 
sure measuring devices and so ‘mmHg is retained. 
Pressures in gas cylinders are also referred to fre- 
quently in terms of the ‘normal’ atmospheric pressure 
of 760 mmHg; this is equal to 1.013 bar (or approxi- 
mately 1 bar). Low pressures are expressed usually in 
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the SI unit of kilopascals (kPa) whilst higher pressures 
are referred to in bar (100kPa=1 bar). The basic and 
derived units of the SI system are shown in Table 14.1. 

The fundamental quantities in physics are mass, 
length and time. 

Mass (m) is defined as the amount of matter in a 
body. The unit of mass is the kilogram (kg), for which 
the standard is a block of platinum held in a Physics 
Reference Laboratory. 

Length (1) is defined as the distance between two 
points. The SI unit is the metre (m), which is defined 
as the distance occupied by a specified number of 
wavelengths of light. 

Time (t) is measured in seconds. The reference stan- 
dard for time is based on the frequency of resonation 
of the caesium atom. 

From these basic definitions, several units of mea- 
surement may be derived: 

Volume has units of m’. 

Density is defined as mass per unit volume: 


f mass 2 
density (p) = -——— kg m” 
volume 
Velocity is defined as the distance travelled per unit 
time: 
: distance _ 
velocity (v) =———— ms” 
time 
Acceleration is defined as the rate of change of 
velocity: 


; velocit 5 
acceleration (a) = aes ms” 
time 
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TABLE 14.1 


Physical Quantities 


Quantity Definition Symbol SI unit 

Length Unit of distance | metre (m) 

Mass Amount of matter m kilogram (kg) 

Density Mass per unit volume (m/V) p kgm-? 

Time t second (s) 

Velocity Distance per unit time (//t) v ms! 

Acceleration Rate of change of velocity (v/t) a ms? 

Force Gives acceleration to a mass (ma) F newton (N) (kgm s~?) 

Weight Force exerted by gravity on a mass (mg) w kgx9.81 m s~? 

Pressure Force per unit area (F/A) P Nm? 

Temperature Tendency to gain or lose heat T kelvin (K) or degree Celsius (°C) 

Work Performed when a force moves an object U joule (J) (Nm) 
(forcexdistance) 

Energy Capacity for doing work (forcexdistance) U joule (J) (Nm) 

Power Rate of performing work (joules per second) P watt (W) (J s~’) 


Force is that which is required to give a mass 
acceleration: 


force(F) = mass x acceleration 
=ma 
The SI unit of force is the newton (N). One newton 
is the force required to give a mass of 1 kg an accelera- 
tion of lms": 


1N=lkgms” 

Weight is the force of the earth’s attraction for a 
body. When a body falls freely under the influence of 
gravity, it accelerates at a rate of 9.81 ms” (g): 

weight (W) = mass x g 
=mxg 
=mx9.8lkgms~ 

Momentum is defined as mass multiplied by 
velocity: 

momentum=m X v 
Work is undertaken when a force moves an object: 


work = force x distance 


= F xINm (or joules, J) 


Energy is the capacity for undertaking work. Thus it 
has the same units as those of work. Energy can exist in 
several forms, such as mechanical (kinetic energy [KE] 
or potential energy [PE]), thermal or electrical and all 
have the same units. 

Power (P) is the rate of doing work. The SI unit of 
power is the watt, which is equal to 1Js7!: 


power = work per unit time 
= joules per second 
= watt (W) 


Pressure is defined as force per unit area: 


force 
pressure ( p) = 


area 
=Nm” 
= pascal (Pa) 
As 1 Paisarather small unit, it is more common in med- 
ical practice to use the kilopascal (kPa): 1 kPa = 7.5 mmHg. 


FLUIDS 


Substances may exist in solid, liquid or gaseous form. 
These forms or phases differ from each other accord- 
ing to the random movement of their constituent 
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atoms or molecules. In solids, molecules oscillate 
about a fixed point, whereas in liquids the molecules 
possess higher velocities and therefore higher kinetic 
energy; they move more freely and thus do not bear 
a constant relationship in space to other molecules. 
The molecules of gases possess even higher kinetic 
energy and move freely to an even greater extent. 

Both gases and liquids are termed fluids. Liquids are 
incompressible and at constant temperature occupy a 
fixed volume, conforming to the shape of a container; 
gases have no fixed volume but expand to occupy the 
total space of a container. Nevertheless the techniques 
for analysing the behaviour of liquids and gases (or 
fluids in general) in terms of their hydraulic and ther- 
modynamic properties are very similar. 

In the process of vaporization, random loss of liquid 
molecules with higher kinetic (thermal) energies from 
the liquid occurs while vapour molecules randomly lose 
thermal (kinetic) energy and return to the liquid state. 
Heating a liquid increases the kinetic energy of its mol- 
ecules, permitting a higher proportion to escape from the 
surface into the vapour phase. The acquisition by these 
molecules of higher kinetic energy requires an energy 
source and this usually comes from the thermal energy of 
the liquid itself, which leads to a reduction in its thermal 
energy as vaporization occurs and hence the liquid cools. 

Collision of randomly moving molecules in the 
gaseous phase with the walls of a container is respon- 
sible for the pressure exerted by a gas. The difference 
between a gas and a vapour will be discussed later. 


Behaviour of Gases 
The Gas Laws 


There are three gas laws which determine the behav- 
iour of gases and which are important to anaesthetists. 
These are derived from the kinetic theory of gases; 
they depend on the assumption that the substances 
concerned are perfect gases (rather than vapours), and 
they assume a fixed mass of gas. 

Boyle’s law states that, at constant temperature, the 
volume (V) of a given mass of gas varies inversely with 
its absolute pressure (P): 


PV=k, 


Charles’ law states that, at constant pressure, the 
volume of a given mass of gas varies directly with its 
absolute temperature (T): 


V=k,T 


The third gas law (sometimes known as Gay- 
Lussac’s law) states that, at constant volume, the abso- 
lute pressure of a given mass of gas varies directly with 
its absolute temperature: 


P=k,T 
Combining these three gas laws: 
PV=kT 
or 
PY, _ BY, 
Ti T, 


where suffixes 1 and 2 represent two conditions dif- 
ferent in P, V and T of the gas. Note that where a 
change of conditions occurs slowly enough for 
T =Tp conditions are said to be isothermal, and the 
combined gas law could be thought of as another 
form of Boyle’s law. 

The behaviour of a mixture of gases in a container 
is described by Dalton’s law of partial pressures. This 
states that, in a mixture of gases, the pressure exerted 
by each gas is the same as that which it would exert 
if it alone occupied the container. Daltons law can 
be used to compare volumetric fractions (concentra- 
tions) to calculate partial pressures, which are an im- 
portant concept in anaesthesia. Thus, in a cylinder of 
compressed air at a pressure of 100bar, the pressure 
exerted by nitrogen is equal to 79 bar, as the fractional 
concentration of nitrogen is 0.79. 


Avogadro’s Hypothesis 


Avogadro’s hypothesis, also deduced from the kinetic 
theory of gases, states that equal volumes of gases at 
the same temperature and pressure contain equal 
numbers of molecules. 

Avogadro’s number is the number of molecules in 
1 gram-molecular weight of a substance and is equal 
to 6.022 x 10”. 

Under conditions of standard temperature and 
pressure (0°C and 1.013 bar), 1 gram-molecular weight 
(i.e. 28g of nitrogen or 44g of carbon dioxide) of any 
gas occupies a volume of 22.4 litres (L). 

These data are useful in calculating, for example, 
the quantity of gas produced from liquid nitrous 


oxide. The molecular weight of nitrous oxide is 44. 
Thus, 44g of N,O occupy a volume of 22.4L at stan- 
dard temperature and pressure (STP). If a full cylinder 
of N,O contains 3.0kg of liquid, then vaporization of 
all the liquid would yield: 


22.4X 3.01000 L 


44 
= 1527 Lat STP 


The gas laws can be applied to calculate its volume 
at, say, room temperature, bearing in mind that the 
Kelvin scale of temperature should be used for such 
calculations. 


Critical Temperature 


If the temperature of a vapour is low enough, then 
sufficient application of pressure to it will result in its 
liquefication. If the vapour has a higher temperature, 
implying greater molecular kinetic energy, no amount 
of compression liquefies it. The critical temperature of 
such a substance is the temperature above which that 
substance cannot be liquefied by compression alone. 
A substance in such a state is considered a gas, whereas a 
substance below its critical temperature can be consid- 
ered a vapour. 

The critical temperature of oxygen is —118°C, that 
of nitrogen is —147 °C, and that of air is —141 °C. Thus, 
at room temperature, cylinders of these substances 
contain gases. In contrast, the critical temperature of 
carbon dioxide is 31°C and that of nitrous oxide is 
36.4°C. The critical pressures are 73.8 and 72.5 bar re- 
spectively; at higher pressures, cylinders of these sub- 
stances at UK room temperature contain a mixture of 
gas and liquid. 


Clinical Application of the Gas Laws 


A ‘full cylinder of oxygen on an anaesthetic machine 
contains compressed gaseous oxygen at a pressure 
of 137 bar (20001b in”) gauge pressure. If the cylin- 
der of oxygen empties and the temperature remains 
constant, the volume of gas contained is related 
linearly to its pressure (by Boyle’s law). In practice, 
linearity is not followed because temperature falls 
as a result of adiabatic expansion of the compressed 
gas; the term adiabatic implies a change in the state 
of a gas without exchange of heat energy with its 
surroundings. 
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By contrast, a nitrous oxide cylinder contains liquid 
nitrous oxide in equilibrium with its vapour. The pres- 
sure in the cylinder remains relatively constant at the 
saturated vapour pressure for that temperature as the 
cylinder empties to the point at which liquid has to- 
tally vaporized. Subsequently, there is a linear decline 
in pressure proportional to the volume of gas remain- 
ing within the cylinder. 


Filling Ratio. The degree of filling of a nitrous oxide 
cylinder is expressed as the mass of nitrous oxide in 
the cylinder divided by the mass of water that the cyl- 
inder could hold. Normally, a cylinder of nitrous oxide 
is filled to a ratio of 0.67. This should not be confused 
with the volume of liquid nitrous oxide in a cylinder. A 
‘full cylinder of nitrous oxide at room temperature is 
filled to the point at which approximately 90% of the 
interior of the cylinder is occupied by liquid, the re- 
maining 10% being occupied by nitrous oxide vapour. 
Incomplete filling of a cylinder is necessary because 
thermally induced expansion of the liquid in a totally 
full cylinder may cause cylinder rupture. Because va- 
pour pressure increases with temperature, it is neces- 
sary to have a lower filling ratio in tropical climates 
than in temperate climates. 


Entonox. Entonox is the trade name for a com- 
pressed gas mixture containing 50% oxygen and 
50% nitrous oxide. The mixture is compressed into 
cylinders containing gas at a pressure of 137 bar 
(2000 lb in“) gauge pressure (see below). The nitrous 
oxide does not liquefy because the two gases in this 
mixture ‘dissolve in each other at high pressure. 
In other words, the presence of oxygen reduces the 
critical temperature of nitrous oxide. The critical 
temperature of the mixture is —7 °C, which is called 
the ‘pseudocritical temperature’. Cooling of a cylin- 
der of Entonox to a temperature below —7 °C results 
in separation of liquid nitrous oxide. Use of such a 
cylinder results in oxygen-rich gas being released 
initially, followed by a hypoxic nitrous oxide-rich 
gas. Consequently, it is recommended that when 
an Entonox cylinder may have been exposed to low 
temperatures, it should be stored horizontally for a 
period of not less than 24h at a temperature of 5°C 
or above. In addition, the cylinder should be inverted 
several times before use. 
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Pressure Notation in Anaesthesia 


Although the use of SI units of measurement is gen- 
erally accepted in medicine, a variety of ways of ex- 
pressing pressure is still used, reflecting custom and 
practice. Arterial pressure is still referred to universally 
in terms of mmHg because a column of mercury is still 
used occasionally to measure arterial pressure and also 
to calibrate electronic devices. 

Measurement of central venous pressure is some- 
times referred to in cm H,O because it can be measured 
using a manometer filled with saline, but it is more 
commonly described in mmHg when measured using 
an electronic transducer system. Note that, although 
we colloquially speak of ‘cm H,O’ or ‘mmHg; the ac- 
tual expression for pressure measured by a column of 
fluid is P=p.g.H, where p is fluid density, g is accelera- 
tion due to gravity and H is the height of the column. 
Because mercury is 13.6 times more dense than water, 
a mercury manometer can measure a given pressure 
with a much shorter length of column of fluid. For 
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vacuum 
Z a 
760 mm 
Atmospheric 
pressure Pg 
y | | 


Mercury 


A 
FIGURE 14.1 
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example atmospheric pressure (P,) exerts a pressure 
sufficient to support a column of mercury of height 
760mm (Fig. 14.1). 


1 atmospheric pressure=760 mmHg 
= 1.01325 bar 
= 760 torr 
= 1 atmosphere absolute (ata) 
= 14.7 1b in” 
= 101.325kPa 
= 10.33 metres of H,O 


In considering pressure, it is necessary to indicate 
whether or not atmospheric pressure is taken into ac- 
count. Thus, a diver working 10 m below the surface of 
the sea may be described as compressed to a depth of 1 
atmosphere or working at a pressure of 2 atmospheres 
absolute (2 ata). 

In order to avoid confusion when discussing com- 
pressed cylinders of gases, the term gauge pressure 
is used. Gauge pressure describes the pressure of the 


33.9 ft 
or 
10.33 m 


Water 


The simple barometer described by Torricelli (not to scale). (A) Filled with mercury. (B) Filled with water. 


contents above ambient pressure. Thus, a full cylinder 
of oxygen has a gauge pressure of 137 bar, but the con- 
tents are at a pressure of 138 bar absolute. 
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Pressure Relief Valves 


The Heidbrink valve is a common component of 
many anaesthesia breathing systems. In the Magill 
breathing system, the anaesthetist may vary the force in 
the spring(s), thereby controlling the pressure within the 
breathing system (Fig. 14.2). At equilibrium, the force 
exerted by the spring is equal to the force exerted by 
gas within the system: 


force (F) =gas pressure (P) x disc area (A) 


Modern anaesthesia systems contain a variety of 
pressure relief valves, in each of which the force is fixed 
so as to provide a gas escape mechanism when pressure 
reaches a preset level. Thus, an anaesthetic machine 
may contain a pressure relief valve operating at 35 kPa, 
situated on the back bar of the machine between the 
vaporizers and the breathing system to protect the 
flowmeters and vaporizers from excessive pressures. 
Modern ventilators contain a pressure relief valve set at 
7kPa to protect the patient from barotrauma. A much 
lower pressure is set in relief valves which form part of 


Spring exerting force F 


Disc area A 


Pressure P 


FIGURE 14.2 ® A pressure relief valve. 
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anaesthetic scavenging systems and these may operate 
at pressures of 0.2—0.3 kPa to protect the patient from 
negative pressure applied to the lungs. 


Pressure-Reducing Valves (Pressure 
Regulators) 


Pressure regulators have two important functions in 
anaesthetic machines: 


m They reduce high pressures of compressed gases 
to manageable levels (acting as pressure-reducing 
valves). 

= They minimize fluctuations in the pressure 
within an anaesthetic machine, which would ne- 
cessitate frequent manipulations of flowmeter 
controls. 


Modern anaesthetic machines are designed to operate 
with an inlet gas supply at a pressure of 3—4 bar (usually 
4bar in the UK). Hospital pipeline supplies also operate 
at a pressure of 4bar and therefore pressure regulators are 
not required between a hospital pipeline supply and an 
anaesthetic machine. In contrast, the contents of cylin- 
ders of all medical gases (i.e. oxygen, nitrous oxide, air 
and Entonox) are at much higher pressures. Thus, cyl- 
inders of these gases require a pressure-reducing valve 
between the cylinder and the flowmeter. 

The principle on which the simplest type of pres- 
sure-reducing valve operates is shown in Figure 14.3. 
High-pressure gas enters through the valve and forces 
the flexible diaphragm upwards, tending to close the 
valve and prevent further ingress of gas from the high- 
pressure source. 

If there is no tension in the spring, the relationship 
between the reduced pressure (p) and the high pres- 
sure (P) is very approximately equal to the ratio of the 
areas of the valve seating (a) and the diaphragm (A): 


p.A=P.a 


or 


ia 
P 


ls 


By tensing the spring, a force F is produced which 
offsets the closing effect of the valve. Thus, p may be 
increased by increasing the force in the spring. 

Without the spring, the simple pressure regulator 
has the disadvantage that reduced pressure decreases 
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FIGURE 14.3 A simple pressure-reducing valve. 
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proportionally with the decrease in cylinder pressure. 
The addition of a force from the spring considerably 
reduces but does not eliminate this problem, and in or- 
der to overcome it, newer pressure regulators contain 
an extra closing spring. During high flows, the input to 
the valve may not be able to keep pace with the output. 
This can cause the regulated pressure to fall. A two- 
stage regulator can be employed in order to overcome 
this. Simple one-stage regulators are often designed for 
use with a specific gas. A universal regulator, in which 
the body is used for all gases but has different seatings 
and springs fitted for each specific gas, is now available. 


Pressure Demand Regulators 


These are regulators in which gas flow occurs when 
an inspiratory effort is applied to the outlet port. The 
Entonox valve is a two-stage regulator and its mode of 
action is demonstrated in Figure 14.4. The first stage 
is identical to the reducing valve described above. The 
second-stage valve contains a diaphragm. Movement of 
this diaphragm tilts a rod, which controls the flow of gas 
from the first-stage valve. The second stage is adjusted so 
that gas flows only when pressure is below atmospheric. 


Safety valve 
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FIGURE 14.4 


ist stage valve 


Gas cylinder 


The Entonox two-stage pressure demand regulator. 


Flow of Fluids 


Viscosity (n) is the constant of proportionality relat- 
ing the stress (t) between layers of flowing fluid (or 
between the fluid and the vessel wall), and the velocity 
gradient across the vessel, dv/dr. 

Hence: 


T= rer 
a dr 


or 
shear stress 


velocity gradient 


In this context, velocity gradient is equal to the differ- 
ence between velocities of different fluid layers divided 
by the distance between layers (Fig. 14.5B). The units of 
the coefficient of viscosity are Pascal seconds (Pas). 

Fluids for which n is constant are referred to as 
Newtonian fluids. However, some biological fluids are 
non-Newtonian, an example of which is blood; viscos- 
ity changes with the rate of flow of blood (as a result 
of change in distribution of cells) and, in stored blood, 
with time (blood thickens on storage). 

Viscosity of liquids diminishes with increase in 
temperature, whereas viscosity of a gas increases with 
increase in temperature. An increase in temperature 
is due to an increase of kinetic energy of fluid mol- 
ecules. This can be thought of as causing a freeing up 
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FIGURE 14.5 ™ (A) Diagrammatic illustration of laminar 


flow. (B) Velocity gradient. 
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of intermolecular bonds in liquids, and an increase in 
intermolecular collisions in gas. 


Laminar Flow 


Laminar flow through a tube is illustrated in 
Figure 14.5A. In this situation, there is a smooth, or- 
derly flow of fluid such that molecules travel with the 
greatest velocity in the axial stream, whilst the velocity 
of those in contact with the wall of the tube may be 
virtually zero. The linear velocity of axial flow is twice 
the average linear velocity of flow. 

In a tube in which laminar flow occurs, the relation- 
ship between flow and pressure is given by the Hagen— 
Poiseuille formula: 


where Q is the flow, AP is the pressure gradient along 
the tube, r is the radius of the tube, n is the viscosity of 
fluid and l is the length of the tube. 

The Hagen-Poiseuille formula applies only to 
Newtonian fluids and to laminar flow. In non- 
Newtonian fluids such as blood, increase in velocity 
of flow may alter viscosity because of variation in the 
dispersion of cells within plasma. 


Turbulent Flow: Flow of Fluids Through Orifices 


In turbulent flow, fluid no longer moves in orderly 
planes but swirls and eddies around in a haphazard 
manner as illustrated in Figure 14.6. Essentially, tur- 
bulent flow is less efficient in the transport of fluids 
because energy is wasted in the eddies, in friction and 
in noise (bruits). Although viscosity is the important 
physical variable in relation to the behaviour of fluids 
in laminar flow, turbulent flow is more markedly af- 
fected by changes in fluid density. 

It may be seen from Figure 14.7 that the relation- 
ship between pressure and flow is linear within certain 
limits. However, as velocity increases, a point is reached 
(the critical point or critical velocity) at which the 
characteristics of flow change from laminar to turbu- 
lent. The critical point is dependent upon several fac- 
tors, which were investigated by the physicist Osborne 
Reynolds. These factors are related by the formula used 
for calculation of Reynolds’ number: 


Reynolds’ number = vpr 
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FIGURE 14.6 Diagrammatic illustration of turbulent flow. 
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FIGURE 14.7 ™ The relationship between pressure and flow 
in a fluid is linear up to the critical point, above which flow 
becomes turbulent. 


where v is the fluid linear velocity, r is the radius of the 
tube, p is the fluid density and 1 is its viscosity. 

Studies with cylindrical tubes have shown that if 
Reynolds’ number exceeds 2000, flow is likely to be 
turbulent, whereas a Reynolds’ number of less than 
2000 is usually associated with laminar flow. However, 
localized areas of turbulent flow can occur at lower 
Reynolds’ numbers (i.e. at lower velocities) when there 
are changes in fluid direction, such as at bends, or 
changes in cross sectional area of the tube. 

While the behaviour of fluids in laminar flow can 
be described by the Hagen-Poiseuille equation, the 
characteristics of turbulent flow are dependent on: 


m the square root of the pressure difference driving 
the flow 
= the square of the diameter of the vessel 
= the square root of density (p) of the fluid, i.e.: 
(AP) R? 


Q=a. p” 


A tube can be thought of as having a length many 
times its diameter. In an orifice by contrast, the diam- 
eter of the fluid pathway exceeds the length. The flow 
rate of a fluid through an orifice is much more likely to 
be turbulent and is described by the factors discussed 
above. 


Applications of Turbulence in Anaesthetic Practice. 

= In upper respiratory tract obstruction of any 
severity, flow is inevitably turbulent downstream 
of the obstruction; thus for the same respiratory 
effort (driving pressure), a lower tidal volume 
is achieved than when flow is laminar. The ex- 
tent of turbulent flow may be reduced by reduc- 
ing gas density; clinically, it is common practice 
to administer oxygen-enriched helium rather 
than oxygen alone (the density of oxygen is 
1360kgm™ and that of helium is 160kgm~). 
This reduces the likelihood of turbulent flow 
and reduces the respiratory effort required by the 
patient. 

m In anaesthetic breathing systems, a sudden 
change in diameter of tubing or irregular- 
ity of the wall may be responsible for a change 
from laminar to turbulent flow. Thus, tra- 
cheal and other breathing tubes should possess 
smooth internal surfaces, gradual bends and no 
constrictions. 

m Resistance to breathing is much greater when 
a tracheal tube of small diameter is used 
(Fig. 14.8). Tubes should be of as large a dia- 
meter and as short as possible. 


In a variable orifice flowmeter, gas flow at low flow 
rates is predominantly laminar. Flow depends on vis- 
cosity. At higher flow rates, because the flowmeter 
behaves as an orifice, turbulent flow dominates and 
density is more important than viscosity. 


THE VENTURI, THE INJECTOR AND 
BERNOULLI 


A venturi is a tube with a section of smaller diameter 
than either the upstream or the downstream parts 
of the tube. The principles governing the behaviour 
of fluid flow through a venturi were formulated by 
Bernoulli in 1778, some 60 years earlier than Venturi 
himself. In any continuum, the energy of the fluid 
may be decribed by the Bernoulli equation, which 
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FIGURE 14.8 = Resistance to gas flow through tracheal 
tubes of different internal diameter (ID). 


suggests that the sum of energies possessed by the 


fluid is constant, i.e.: 
2 


PY (KE) + P(PE)= constant, 


assuming that the predominant fluid flow is hori- 
zontal such that gravitational potential energy can be 
ignored. 

In a venturi, in order that the fluid flow be con- 
tinuous, its velocity must increase through its nar- 
rowed throat (v,>v,). This is associated with an 
increase in kinetic energy and Bernoulli’s equation 
shows that where this occurs, there is an associated 
reduction in potential energy and therefore in pres- 
sure. Beyond the constriction, velocity decreases 
back to the initial value and the pressure rises 
again. The principle is illustrated in Figure 14.9. At 
point A, the energy in the fluid consists of poten- 
tial (pressure) and kinetic (velocity), but at point B 
the amount of kinetic energy has increased because 
of the increased velocity. As the total energy state 
must remain constant, pressure is reduced at point 
B. A venturi has a number of uses, including that 
of a flow measurement device. For optimum per- 
formance of a venturi, it is desirable for fluid flow 
to remain laminar and this is achieved by gradual 
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FIGURE 14.9 © The Bernoulli principle. See text for full 
details. 


opening of the tube beyond the constriction. In this 
way, if a U tube manometer is placed with one limb 
sampling the pressure at point A and the other at 
point B, then if the flow remains laminar, Hagen- 
Poiseuille’s equation suggests a linear relationship 
between the pressure difference and the flow; this 
makes calibration of such a flowmeter relatively 
easy. This contrasts with an orifice, at the outflow 
of which the flow is usually turbulent. Although an 
orifice can be used as a flowmeter, the relationship 
between pressure difference and flow is non-linear. 
Another use of a venturi is as a device for entraining 
fluid from without. If a flow of oxygen is fed into a 
venturi through a nozzle, the low pressure induced 
at the throat may be used to entrain air, thus giving a 
metered supply of oxygen-enriched air, or acting as 
an injector by multiplying the amount of air flowing 
through the venturi towards the patient’s lungs. If, 
instead, a hole is made in the side of the venturi at 
the throat, then the low pressure at that point may 
form the basis of a suction device (Fig. 14.10). 

The injector principle may be seen in anaesthetic 
practice in the following situations: 


m Oxygen therapy. Several types of venturi oxygen 
masks are available which provide oxygen- 
enriched air. With an appropriate flow of oxygen 
(usually exceeding 4Lmin"), there is a large 
degree of entrainment of air. This results in a to- 
tal gas flow that exceeds the patient’s peak inspi- 
ratory flow rate, thus ensuring that the inspired 
oxygen concentration remains constant, and 
it prevents an increase in apparatus dead space 
which always accompanies the use of low-flow 
oxygen devices. 
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FIGURE 14.10 © Fluid entrainment by a venturi injector. 
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FIGURE 14.11 ® A simple injector. 

m Nebulizers. These are used to entrain water from a 
reservoir. If the water inlet is suitably positioned, 
the entrained water may be broken up into a fine 
mist by the high gas velocity. 

m Portable suction apparatus. 

m Oxygen tents. 

m As a driving gas in a ventilator (Fig. 14.11). 


The Coanda Effect 


The Coanda effect describes a phenomenon whereby 
when gas flows through a tube and enters a Y-junction, 
gas tends to cling either to one side of the tube or to 
the other. This is because a Y-junction usually implies 
a reduction in downstream tube diameter, and thus an 


— 


FIGURE 14.12 The Coanda effect. 


increase in velocity with a reduction in pressure adja- 
cent to the wall. The gas is often not divided equally 
between the two outlets. The principle has been used 
in anaesthetic ventilators (termed fluidic ventilators), 
as the application of a small pressure distal to the re- 
striction may enable gas flow to be switched (using an 
external cross flow of gas) from one side to another 
(Fig. 14.12). 


HEAT 


Heat is the energy which may be transferred from a 
body at a hotter temperature to one at a colder tem- 
perature. Its units are therefore Joules. As alluded to 
earlier, energy takes a number of forms and, if account 
is taken of energy losses, they are interchangeable. For 
example, if heat energy is applied to an engine, me- 
chanical energy is the output. In a refrigeration cycle, 
mechanical energy is put in and heat is extracted 
from the cold compartment to the environment. 
Temperature is a measure of the tendency of an object 
to gain or lose heat. 


Temperature and its Measurement 


The Kelvin scale was adopted as an international tem- 
perature scale. The triple point of water is chosen as 
one reference point for the temperature scale; this is 
the point at which all three phases of water (ice, wa- 
ter, steam) are in equilibrium with each other, and al- 
though the pressure at which this occurs is very low 
(0.006 bar), the temperature at which this occurs is 
only fractionally greater than that of the ice point at 
atmospheric pressure (1.013 bar). The internationally 
agreed temperature ‘number’ of the triple point of wa- 
ter is 273.16, because it is this number of units above 
the recognized absolute zero of temperature, which 
was deduced from extrapolations of the relationships 
between pressure, volume and temperature of gases. 


Hence the unit of thermodynamic temperature (the 
Kelvin; K) is the fraction 1/273.16 of the thermody- 
namic temperature of the triple point of water. The 
difference in temperature between the ice point for 
water and the steam point remains 100 units, which 
makes the range almost identical to the earlier, em- 
pirically derived, Celsius scale. It is not precisely the 
same, because this scale has its datum at 273.15K, i.e. 
0.01 K below the triple point. Although the unit on the 
thermodynamic Celsius scale is identical to that on the 
Kelvin scale, it is usual to denote 273.15 K as 0°C. 

Consequently, the intervals on the Celsius scale are 
identical to those on the Kelvin scale and the relation- 
ship between the two scales is as follows: 


temperature (K)=temperature (°C) +273.15 


Temperature is measured in clinical practice by one 
of the following techniques: 


m Liquid expansion thermometer. Mercury and 
alcohol are the more commonly used liquids. 

m Thermistor. This is a semiconductor, which ex- 
hibits a reduction in electrical resistance with 
increase in temperature. 

= Thermocouple. This relies on the Seebeck effect. 
When two metal conductors are joined together 
to form a circuit, a potential difference is pro- 
duced which is proportional to the difference in 
the temperatures of the two junctions. In order 
to measure temperature, one junction has to be 
kept at a constant temperature. 

= Chemical thermometers. These thermometers are 
described in more detail in Chapter 16. 


Specific Heat Capacity 


The specific heat capacity of a substance is the energy 
required to raise the temperature of 1 kg of the sub- 
stance by 1K, i.e.: 


heat energy required = mass X specific heat 
capacity X temperature rise 


Its units are J kg! K~'. For gases, there are slight differ- 
ences in specific heat capacities depending on whether 
the thermodynamic process being undergone is at con- 
stant pressure or at constant volume. The specific heat 
capacity of different substances is of interest because 
anaesthetists are frequently concerned with mainte- 
nance of body temperature in unconscious patients. 
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Heat is lost from patients by the processes of: 


m conduction 

m convection 

m radiation, which is the most common mode of 
heat loss 

m evaporation. 


The specific heat capacity of gases is up to 1000 
times smaller than that of liquids. Consequently, hu- 
midification of inspired gases is a more important 
method of conserving heat than warming dry gases; 
in addition, the use of humidified gases minimizes the 
very large energy loss produced by evaporation of fluid 
from the respiratory tract. 

The skin acts as an almost perfect radiator; radiant 
losses in susceptible patients may be reduced by the 
use of reflective aluminium foil (‘space blanket’). 


VAPORIZATION AND VAPORIZERS 


In a liquid, molecules are in a state of continuous mo- 
tion due to their kinetic energy, and are held in the 
liquid state because of intermolecular attraction by 
van der Waal’s forces. Some molecules may develop 
velocities sufficient to escape from these forces, and if 
they are close to the surface of a liquid, these molecules 
may escape to enter the vapour phase. Increasing the 
temperature of a liquid increases its kinetic energy and 
a greater number of molecules escape. As the faster 
moving molecules escape into the vapour phase, the 
net velocity of the remaining molecules reduces; thus 
the energy state and therefore temperature of the liq- 
uid phase are reduced. The amount of heat required 
to convert a unit mass of liquid into a vapour without 
a change in temperature of the liquid is termed the 
‘latent heat of vaporization. 

In a closed vessel containing liquid and gas, a state 
of equilibrium is reached when the number of mol- 
ecules escaping from the liquid is equal to the number 
of molecules re-entering the liquid phase. The vapour 
concentration is then said to be saturated at the speci- 
fied temperature. Saturated vapour pressure of liquids 
is independent of the ambient pressure, but increases 
with increasing temperature. 

The boiling point of a liquid is the tempera- 
ture at which its saturated vapour pressure becomes 
equal to the ambient pressure. Thus, on the graph in 
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FIGURE 14.13 = Relationship between vapour pressure and temperature for different anaesthetic agents. 


Figure 14.13, the boiling point of each liquid at 
1 atmosphere is the temperature at which its saturated 
vapour pressure is 101.3 kPa. m 


Vaporizers 4 
Vaporizers may be classified into two types: 


m drawover vaporizers 
m plenum vaporizers. 


In the former type, gas is pulled through the vaporizer 
when the patient inspires, creating a subatmospheric pres- 
sure. In the latter type, gas is forced through the vaporizer 
by the pressure of the fresh gas supply. Consequently, the 
resistance to gas flow through a drawover vaporizer must 
be extremely small; the resistance of a plenum vaporizer 
may be high enough to prevent its use as a drawover va- 
porizer, although this is not necessarily so. 

The principles of both devices are similar. If we 
consider the simplest form of vaporizer (Fig. 14.14), 
the concentration (C) of anaesthetic in the gas mix- 
ture emerging from the outlet port is dependent upon: 


= The saturated vapour pressure of the anaesthetic m 
liquid in the vaporizer. A highly volatile agent 
such as diethyl ether or desflurane is present in 
a much higher concentration than a less volatile 


agent (i.e. with a lower saturated vapour pres- 
sure) such as halothane or isoflurane. 

The temperature of the liquid anaesthetic agent, 
as this determines its saturated vapour pressure. 
The splitting ratio, i.e. the flow rate of gas through 
the vaporizing chamber (F ) in comparison with 
that through the bypass (F — F). Regulation 
of the splitting ratio is the usual mechanism 
whereby the anaesthetist controls the output 
concentration from a vaporizer. 

The surface area of the anaesthetic agent in the 
vaporizer. If the surface area is relatively small 
during use, the flow of gas through the vapor- 
izing chamber may be too rapid to achieve com- 
plete saturation with anaesthetic molecules of 
the gas above the liquid. 

Duration of use. As the liquid in the vaporizing 
chamber evaporates, its temperature, and thus its 
saturated vapour pressure, decreases. This leads 
to a reduction in concentration of anaesthetic in 
the mixture leaving the exit port. 

The flow characteristics through the vaporizing 
chamber. In the simple vaporizer illustrated, gas 
passing through the vaporizing chamber may 
fail to mix completely with vapour as a result of 
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FIGURE 14.14 


streaming because of poor design. This lack of 
mixing is flow-dependent. 

= Modern anaesthetic vaporizers overcome many 
of the problems described above. Maintenance of 
full saturation may be achieved by making avail- 
able a large surface area for vaporization. In the 
TEC series of vaporizers, this is achieved by the 
use of wicks which draw up liquid anaesthetic 
by capillary pressure and provide a very large 
surface area. Efficient vaporization and preven- 
tion of streaming of gas through the vaporizing 
chamber are achieved by ensuring that gas travels 
through a concentric helix, which is bounded by 
the fabric wicks. Another method of ensuring full 
saturation is to bubble gas through liquid anaes- 
thetic via a sintered disc; the final concentration is 
determined by mixing a known flow of fresh gas 
with a measured flow of fully saturated vapour. 


Temperature Compensation 


Temperature-compensated vaporizers possess a mech- 
anism which produces an increase in flow through the 
vaporizing chamber (i.e. an increased splitting ratio) as 
the temperature of liquid anaesthetic decreases. In the 
TEC vaporizers, a bimetallic strip controls (by bend- 
ing) a valve which alters flow through the exit port of 
the vaporizing chamber. In the EMO and Ohio vapor- 
izers, a bellows mechanism is used to regulate the valve 
(by shortening with decreased temperature), whilst in 
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the Drager Vapor 19 vaporizers, a metal rod acts in a 
similar fashion. 


Back Pressure (Pumping Effect) 


Some gas-driven mechanical ventilators (e.g. the Manley 
ventilator) produce a considerable increase in pressure 
in the outlet port and back bar of the anaesthetic ma- 
chine. This pressure is highest during the inspiratory 
phase of ventilation. If the simple vaporizer shown in 
Figure 14.14 is attached to the back bar, the increased 
pressure during inspiration compresses the gas in the 
vaporizer; some gas in the region of the inlet port of the 
vaporizer is forced into the vaporizing chamber, where 
more vapour is added to it. Subsequently, there is a 
temporary surge in anaesthetic concentration when the 
pressure decreases at the end of the inspiratory cycle. 
This effect is irrelevant with efficient vaporizers 
(i.e. those which saturate gas fully in the vaporization 
chamber) because gas in the outlet port is already satu- 
rated with vapour. However, when pressure reduces at 
the end of inspiration, some saturated gas passes retro- 
gradely out of the inspiratory port and mixes with the 
bypass gas. Thus, a temporary increase in total vapour 
concentration may still occur in the gas supplied to the 
patient. Methods of overcoming this problem include: 


m incorporation of a one-way valve in the outlet port 

m construction of a bypass chamber and vaporizing 
chamber which are of equal volumes so that the 
gas in each is compressed or expanded equally 
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m construction of a long inlet tube to the vapor- 
izing chamber so that retrograde flow from the 
vaporizing chamber does not reach the bypass 
channel (as in the Mark 3 TEC vaporizers). 


HUMIDITY AND HUMIDIFICATION 


Absolute and Relative Humidity 


Absolute humidity (gm? or mgL~') is the mass of wa- 
ter vapour present in a given volume of gas. Relative 
humidity is the ratio of mass of water vapour in a 
given volume of gas to the mass required to saturate 
that volume of gas at the same temperature. 

Since a mass of water vapour in a sample of air has 
an associated temperature-dependent vapour pres- 
sure, relative humidity (RH) may also be expressed as: 


actual vapour pressure 
RH= 


saturated vapour pressure 


In normal practice, relative humidity may be mea- 
sured using: 


= The hair hygrometer. This operates on the prin- 
ciple that a hair elongates if humidity increases; 
the hair length controls a pointer. This simple 
device may be mounted on a wall. It is reason- 
ably accurate only in the range 15-85% relative 
humidity. 

= The wet and dry bulb hygrometer. The dry bulb 
measures the actual temperature, whereas the 
wet bulb measures a lower temperature as a re- 
sult of the cooling effect of evaporation of water. 
The rate of vaporization is related to the humid- 
ity of the ambient gas and the difference between 
the two temperatures is a measure of ambient 
humidity; the relative humidity is obtained from 
a set of tables. 

= Regnault’s hygrometer. This consists of a thin sil- 
ver tube containing ether and a thermometer to 
show the temperature of the ether. Air is pumped 
through the ether to produce evaporation, 
thereby cooling the silver tube. When gas in con- 
tact with the tube is saturated with water vapour, 
it condenses as a mist on the bright silver. The 
temperature at which this takes place is known 
as the dew point, from which relative humidity is 
obtained from tables. 


Humidification of the Respiratory Tract 


Air drawn into the respiratory tract becomes fully sat- 
urated with water in the trachea at a temperature of 
37°C. Under these conditions, the SVP of water is 6.3 
kPa (47 mmHg); this represents a fractional concentra- 
tion of 6.2%. The concentration of water is 44mg L”. 
At 21°C, saturated water vapour contains 2.4% water 
vapour or 18mgL". Thus, there is a considerable ca- 
pacity for patients to lose both water and heat when 
the lungs are ventilated with dry gases. 

There are three means of humidifying inspired gas: 


m heated humidifier (water vaporizer) 

m nebulizer 

m condenser humidifier (also known as heat and 
moisture exchanging [HME] humidifier). 


The hot water bath humidifier is a simple device for 
heating water to 45-60°C. These devices have several 
potential problems, including infection if the water 
temperature decreases below 45°C, scalding the patient 
if the temperature exceeds 60°C (these high tempera- 
tures may be used to prevent growth of bacteria) and 
condensation of water in the inspiratory anaesthetic 
tubing. These devices are approximately 80% efficient. 

Some nebulizers are based upon a Venturi system; 
a gas supply entrains water, which is broken up into 
a large number of droplets. The ultrasonic nebulizer 
operates by dropping water onto a surface, which is 
vibrated at a frequency of 2 MHz. This breaks up the 
water particles into extremely small droplets. The 
main problem with these nebulizers is the possibility 
that supersaturation of inspired gas may occur and the 
patient may be overloaded with water. 

The condenser humidifier (or artificial nose) may 
consist of a simple wire mesh, which is inserted be- 
tween the tracheal tube and the anaesthetic breath- 
ing system. More recently, humidifiers constructed of 
rolled corrugated paper have been introduced. These 
devices are approximately 70% efficient. 


SOLUBILITY OF GASES 


Henry’s law states that, at a given temperature, the 
amount of a gas which dissolves in a liquid is directly 
proportional to the partial pressure of the gas in equi- 
librium with the liquid. If a liquid is heated and its 
temperature rises, the partial pressure of its saturated 
vapour increases. This will result in gas molecules 


coming out of solution, and a lesser amount of gas re- 
maining dissolved in the liquid. This is exemplified by 
the carbon dioxide bubbles in a bottle of tonic water 
becoming more apparent as time elapses from its re- 
moval from the refrigerator. 

It is customary to confine the term ‘tension’ to the 
partial pressure of a gas exerted by gas molecules in solu- 
tion, but the terms are synonymous. The tension of the 
gas in solution is in equilibrium with the partial pressure 
of the gas above it. A relatively insoluble gas will reach 
equilibrium more quickly than a soluble one. 


Solubility Coefficients 


The Bunsen solubility coefficient is the volume of gas 
which dissolves in a unit volume of liquid at a given 
temperature when the gas in equilibrium with the liq- 
uid is at a pressure of 1 atmosphere. 

The Ostwald solubility coefficient is the volume of 
gas which dissolves in a unit volume of liquid at a given 
temperature. Thus, the Ostwald solubility coefficient is 
independent of pressure. 

The partition coefficient is the ratio of the amount 
of substance in one phase compared with a second 
phase, each phase being of equal volume and in equi- 
librium, e.g. the amount of carbon dioxide in the gas 
phase compared with the amount of carbon dioxide 
dissolved in blood. As with the Ostwald coefficient, 
it is necessary to define the temperature but not the 
pressure. The partition coefficient may be applied to 
two liquids, but the Ostwald coefficient applies to par- 
tition between gas and liquid. The blood/gas partition 
coefficient of an anaesthetic agent is an indicator of 
the speed with which the alveolar gas concentration 
equilibrates with the inspired concentration, a low co- 
efficient (e.g. desflurane 0.42) leading to rapid equili- 
bration. The oil/gas partition coefficient is a measure 
of its potency, a high coefficient (e.g. isoflurane 98.5) 
indicating an agent highly soluble in cerebral tissue, 
leading to high anaesthetic potency and low MAC. 
The Overton-Meyer hypothesis shows an inverse re- 
lationship between MAC and the logarithm of lipid 
potency. 


Diffusion 

If two different gases or liquids are separated in a con- 
tainer by an impermeable partition which is then re- 
moved, gradual mixing of the two different substances 
occurs as a result of the kinetic activity of each species 
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Fluid X 


Fluid Y 


FIGURE 14.15 ® Illustration of diffusion in fluids. (A) 
Fluids X and Y separated by partition. (B) Mixing of fluids 
after removal of partition. 


of molecule. This is illustrated in Figure 14.15. The 
principle governing this process is described by Fick’s 
law of diffusion, which states that the rate of diffusion 
of a substance across unit area is proportional to the 
concentration gradient. Graham’s law (which applies 
to gases only) states that the rate of diffusion of a gas is 
inversely proportional to the square root of its molecu- 
lar weight or density. 

In the example shown in Figure 14.15B, the inter- 
face between fluids X and Y immediately after removal 
of the partition would be the interface between the two 
species of fluid. In biology, however, there is normally 
a membrane separating gases or separating gas and 
liquids. 

The rate of diffusion of gases may be affected by 
the nature of the membrane. In the lungs, the alveo- 
lar membrane is moist and may be regarded as a wa- 
ter film. Thus, diffusion of gases through the alveolar 
membrane is dependent not only on the properties of 
diffusion described above but also on the solubility of 
gas in the water film. As carbon dioxide is more highly 
soluble in water than oxygen, it diffuses more rapidly 
across the alveolar membrane, despite the larger par- 
tial pressure gradient for oxygen. 


Osmosis 


In the examples given above, the membranes are per- 
meable to all substances. However, in biology, mem- 
branes are frequently semipermeable, i.e. they allow 
the passage of some substances but are impermeable 
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Diagram to illustrate osmotic pressure. (A) Water and glucose placed into two compartments separated by a 


semipermeable membrane. (B) At equilibrium, water has passed into the glucose compartment to balance the pressure. (C) The 
magnitude of osmotic pressure of the glucose is denoted by a hydraulic pressure P applied to the glucose to prevent any move- 


ment of water into the glucose compartment. 


to others. This is illustrated in Figure 14.16. In 
Figure 14.16A, initially equal volumes of water and 
glucose solution are separated by a semipermeable 
membrane. Water molecules pass freely through the 
membrane to dilute the glucose solution (Fig. 14.16B). 
This process continues until the volume of the di- 
luted glucose solution supports a significantly greater 
head of fluid pressure than the water volume on the 
other side of the membrane. This hydrostatic pres- 
sure opposes the flow of water molecules through the 
membrane into the glucose solution, driven by the dif- 
ference in solution constituents. This driving pressure 
is termed the osmotic pressure. Note that, depending 
on the membrane properties, the glucose molecules 
are probably too large to allow significant flow in the 
opposite direction. By application of a hydrostatic 
pressure on the glucose side (Fig. 14.16C), the process 
of further transfer of water molecules can be prevented 
or even reversed; this pressure (P) is equal to the os- 
motic pressure exerted by the glucose solution. 

Substances in dilute solution behave in accordance 
with the gas laws. Thus, 1 gram-molecular weight of a 
dissolved substance occupying 22.4L of solvent exerts 
an osmotic pressure of 1 bar at 273 K. Dalton’s law also 
applies; the total osmotic pressure of a mixture of sol- 
utes is equal to the sum of osmotic pressures exerted 
independently by each substance. 

The osmotic pressure of a solution depends on the 
number of dissolved particles per litre. Thus, a molar 


solution of a substance which ionizes into two particles 
(e.g. NaCl) exerts twice the osmotic pressure exerted 
by a molar solution of a non-ionizing substance (e.g. 
glucose). The osmotic pressure may be produced by all 
of a mixture of substances in a fluid. Thus, it is the sum 
of the individual molarities of each particle. 

While osmolarity has units of osmoles per litre of 
solution the term osmolality refers to the number of 
osmoles per kilogram of water or other solvent. Thus, 
osmolarity may vary slightly from osmolality as a 
result of changes in density due to the effect of tem- 
perature on volume, although in biological terms the 
difference is extremely small. 

In the circulation, water and the majority of ions 
are freely permeable across the endothelial membrane, 
but plasma proteins do not traverse into the intersti- 
tial fluid. The term oncotic pressure is used to describe 
the osmotic pressure exerted by the plasma proteins 
alone. Plasma oncotic pressure is relatively small (ap- 
proximately 1 mosmolL™ equivalent to 25 mmHg) in 
relation to total osmotic pressure exerted by plasma 
(approximately 300 mosmol L“ equivalent to 6.5 bar). 


ELECTRICITY 


Basic Quantities and Units 


An ampere (A) is the unit of electric current in the SI 
system. It represents the flow of 6.24x10'* electrons. 
The ampere is defined as the current which, if flowing 


in two parallel wires of infinite length, placed 1 m apart 
in a vacuum, produces a force of 2x 107 Nm! on each 
of the wires. 

Electric charge is the measure of the amount of elec- 
tricity and its SI unit is the coulomb (C). The coulomb 
is the quantity of electric charge that passes some point 
when a current of 1 ampere (A) flows for a period of 1 s: 


coulombs (C) = amperes (A) X seconds (s) 


Electrical potential exists when one point in an 
electric circuit has more positive charge than another. 
Electrical potential is analogous to height in a gravi- 
tational field where a mass possesses potential energy 
due to its height; another analogy might be the pres- 
sure at the bottom of a water reservoir to drive a tur- 
bine. The electrical potential of the earth is regarded as 
the reference point for zero potential and is referred to 
as ‘earth. When a potential difference is applied across 
a conductor, it produces an electric current and cur- 
rent flows from an area of higher potential to one of 
lower potential. 

The unit for potential difference is the volt. One 
volt is defined as the potential difference which pro- 
duces a current of 1 ampere in a substance when the 
rate of energy dissipation is 1 watt, as demonstrated in 
the equation: 
power (watts) 


potential difference (volts) = 
current (amperes) 


A volt can also be defined as a potential difference 
producing a change in energy of 1J when 1 coulomb 
is moved across it. This definition is often used in con- 
nection with defibrillators. 

Ohm’s law states that the current flowing through 
a resistance is proportional to the potential difference 
across it. The unit for electrical resistance is the ohm 
(Q). The ohm is that resistance which will allow 1 am- 
pere of current to flow under the influence of a poten- 
tial difference of 1 volt. 

potential (V) 


resistance (Q) g current (1) 


The anaesthetist is in daily contact with a large 
amount of equipment which is powered by mains sup- 
ply electricity; this includes monitoring equipment, 
many ventilators, suction apparatus, defibrillators and 
diathermy equipment. 
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Whilst a total understanding of this equipment and 
its mode of action may depend upon a detailed know- 
ledge of electronics, the equipment can usually be used 
safely as a type of ‘black box’ i.e. the inside of the box 
may be a mystery, but the anaesthetist must be familiar 
with the operating controls and the ways in which the 
apparatus may malfunction or, if a recording instru- 
ment, give rise to artefacts. 

It is not possible in this brief chapter to provide a 
full synopsis of the basic principles of electricity and 
electronics, but it is essential to stress some elements 
which have a bearing on the safety of both the patient 
and the anaesthetist in the operating theatre. 

In the UK, the mains electricity is supplied at a 
voltage of 240 V with a frequency of 50 Hz, and in the 
USA at a voltage of 110V and a frequency of 60 Hz. 
These voltages are potentially dangerous, although 
the danger is related predominantly to the current 
which flows through the patient as governed by 
Ohm’s law. 

When dealing with alternating current, it is neces- 
sary to use the term impedance in place of resistance, as 
impedance takes into account the frequency relation- 
ship between current and voltage, which is important 
in the presence of capacitors and inductors. The im- 
pedance offered to flowing current by a capacitor is 
inversely proportional to the current frequency. Hence 
a capacitor blocks direct current. If an increasing mag- 
nitude of electrical current at 50 Hz passes through the 
body, there is initially a tingling sensation at a current 
of 1 mA. An increase in the current produces increasing 
pain and muscle spasm until, at 80-100 mA, arrhyth- 
mias and ventricular fibrillation may occur. The elec- 
trical disturbance that current can cause to biological 
tissue is related to the current frequency, the greatest 
sensitivity occurring at mains frequencies of 50-60 Hz, 
with increasing resilience to such damage at lower and 
higher frequencies. The choice of 50-60 Hz for mains 
current is due to the lower energy losses which occur 
in transmission lines. 


Electrical Safety 


The damage to tissue by electrical current is related 
also to the current density; a current passing through 
a small area is more dangerous than the same current 
passing through a much larger area. Other factors re- 
lating to the likelihood of ventricular fibrillation are 
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the duration of passage of the current and its fre- 
quency. Radiofrequencies in the megahertz range 
(such as those used in diathermy) have no potential 
for fibrillating the heart, but do cause burns. 

It is clear from Ohm’s law that the size of the cur- 
rent is dependent upon the size of the impedance to 
current flow. A common way of reducing the risk of a 
large current injuring the anaesthetist in the operating 
theatre is to wear antistatic shoes and to stand on the 
antistatic floor. This provides a high impedance (see 
below). 

Mains electricity supplies may induce currents in 
other circuits or on cases of instruments. The resulting 
induced currents are termed leakage currents and may 
pass through either the patient or anaesthetist to earth. 
There are three classes of electrical insulation which 
are designed to minimize the risk of a patient or an- 
aesthetist forming part of an electrical circuit between 
the live conductor of a piece of equipment and earth: 


m Class I equipment (fully earthed). The main sup- 
ply lead has three cores (live, neutral and earth). 
The earth is connected to all exposed conduc- 
tive parts, and in the event of a fault developing 
which short-circuits current to the casing of the 
equipment, current flows from the case to earth. 
If small enough, the casing is rendered safe, if 
large enough the fuse on the live input to the 
device is blown and the equipment is rendered 
unusable, but safe. 

m Class II equipment (double-insulated). This has 
no protective earth. The power cable has only live 
and neutral conductors and these are ‘double- 
insulated’. The casing is normally made of non- 
conductive material. 

m Class LI equipment (low voltage). This relies on a 
power supply at a very low voltage produced from 
a secondary transformer situated some distance 
away from the device. Potentials do not exceed 
24V (AC) or 50V (DC). Electric heating blankets, 
for example, are rendered safer in this way. 


Isolation Circuits 


All modern patient-monitoring equipment uses an 
isolation transformer so that the patient is connected 
only to the secondary circuit of the transformer, which 
is not earthed. Thus, even if the patient makes contact 
between the live circuit of the secondary transformer 


and earth, no current is transmitted to earth. If the 
part of a circuit applied to the patient is not earthed, 
it is said to be ‘floating’, designated by ‘F in its safety 
classification (vide infra). 


Microshock 


Induced currents and leakage currents can also occur 
in electromedical equipment which has a component 
within the patient, such as a cardiac pacemaker or a 
saline-filled catheter connected to a transducer. With 
the skin breached as the first defence against shock, 
it only takes very small currents to cause manifesta- 
tions of electrical shock, and this is termed microshock. 
100 pA of current is enough to cause ventricular fibril- 
lation under these circumstances. 


Safety Testing 


The International Electrotechnical Commission has 
produced recommendations (adopted by the British 
Standards Institute) defining the levels of permitted 
leakage currents and patient currents from different 
types of electromedical equipment. Whenever new 
equipment is bought for a hospital, it should be sub- 
jected to tests, which verify that the leakage currents 
and other electrical safety characteristics are within 
the allowed specifications. Equipment is labelled ac- 
cording to whether it is suitable for external (B, BF) or 
internal (CF) application to the patient, with testing to 
appropriate levels of leakage current. Regular servic- 
ing of equipment should be carried out by qualified 
engineers to ensure that these safe characteristics are 
maintained. 


The Defibrillator 


Capacitance is the ability to store electric charge. The 
defibrillator is an instrument in which electric charge 
is stored in a capacitor and then released in a con- 
trolled fashion. Direct current (DC) rather than alter- 
nating current (AC) energy is used. DC energy is more 
effective, causes less myocardial damage and is less 
arrhythmogenic than AC energy. However, biphasic 
defibrillators are now available, as they use a lower en- 
ergy level, potentially resulting in less cardiac damage. 
Defibrillators are set according to the amount of en- 
ergy stored and this depends on both the stored charge 
and the potential: 


available energy (J)=stored charge (C) x potential (V) 


To defibrillate a heart, two electrodes are placed 
on the patient’s chest; one is placed just to one side of 
the sternum and the other over the apex of the heart. 
When it is discharged, the energy stored in the capaci- 
tor is released as a current pulse through the patient’s 
chest and heart. This current pulse gives a synchro- 
nous contraction of the myocardium after which a re- 
fractory period and normal or near-normal beats may 
follow. The voltage may be up to 5000V with a stored 
energy of up to 400J. In practice, an inductor is in- 
cluded in the output circuit to ensure that the electric 
pulse has an optimum shape and duration. The induc- 
tor absorbs some of the energy which is discharged by 
the capacitor. 


Diathermy 


The effect of passing electric current through the body 
varies from slight physical sensation through muscle 
contraction to ventricular fibrillation. The severity 
of these effects depends on the amount and the fre- 
quency of the current. These effects become less as the 
frequency of the current increases, being small above 
1kHz and negligible above 1 MHz. However, the heat- 
ing and burning effects of electric current can occur at 
all frequencies. 

A diathermy machine is used to pass electric cur- 
rent of high frequency (about 1-2 MHz) through the 
body in order to cause cutting and/or coagulation by 
burning local tissue where the current density is high. 
In the electrical circuit involving diathermy equip- 
ment, there are two connections with the patient. In 
unipolar diathermy, these are the patient plate and the 
active electrode used by the surgeon (Fig. 14.17A). 
The current travels from the active electrode, through 
the patient and exits through the patient plate. The 
current density is high at the active end where burning 
or cutting occurs, but it is low at the plate end, where 
no injury occurs. If for any reason (e.g. a faulty plate) 
the current flows from the patient through a small area 
of contact between the patient and earth, then a burn 
may occur at the point of contact. 

In bipolar diathermy, there is no patient plate, but 
the current travels down one side of the diathermy 
forceps and out through the other side (Fig. 14.17B). 
This type of diathermy uses low power and, because 
the current does not travel through the patient, it is ad- 
visable to use this in patients with a cardiac pacemaker. 
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ISOTOPES AND RADIATION 


An atom consists of electrons which are negatively 
charged and these orbit around a nucleus which 
contains protons (positive charge) and neutrons (no 
charge) (Fig. 14.18). Isotopes are variations of simi- 
lar atoms but with different numbers of neutrons. 
Isotopes with unstable nuclei are known as radio- 
isotopes and are radioactive. 

The process of change from one unstable isotope 
to another is known as radioactive decay. The rate 
of decay is measured by the half-life. The half-life of 
an isotope is the time required for half of the radio- 
active atoms present to disintegrate. When one atom 
changes from one unstable state to another, it emits 
energy in the form of gamma rays, or alpha or beta 
particles. Gamma rays, and alpha and beta particles 
all cause damage to or death of cells. Because of this, 
radioisotopes are used for the treatment of cancer 
(e.g. cobalt-60 and caesium-137) and for conditions 
such as thyrotoxicosis (iodine-131). They may also 
be used for diagnostic purposes. Technetium—99 m, 
krypton—81m and xenon-133 are used in imaging 
techniques such as scanning. Chromium-—51 is used in 
non-imaging techniques such as labelling of red blood 
cells in order to measure red cell volume. 

Radiation may be detected using a scintillation 
counter. The SI unit for radioactivity is the becquerel. 


X-Rays 

X-rays are electromagnetic radiation produced when 
a beam of electrons is accelerated from a cathode to 
strike an anode (often made of tungsten). They are 
used for imaging purposes. 


Radiation Safety 


Exposure to radioisotopes and X-rays should be kept 
to a minimum because of the risks of tissue damage 
and chromosomal changes. Guidelines regarding the 
use of ionizing radiation were issued in the UK by 
the Department of Health in May 2000 in a docu- 
ment called Ionising Radiation (Medical Exposure) 
Regulations 2000 (IRMER 2000). The aims of this 
document are to protect patients against unnecessary 
exposure to radiation and to set standards for practi- 
tioners using ionizing radiation. The request of non- 
essential X-rays by clinicians is strongly discouraged. In 
the UK, a doctor requires a certificate of authorization 
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FIGURE 14.17 ® Principle of the surgical diathermy system. (A) Unipolar diathermy. (B) Bipolar diathermy. 
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before he or she can administer radiation compounds 
to patients or use X-ray equipment. Lead absorbs X-rays 
and so it is incorporated into aprons worn by staff who 
Electron Neutron 


are exposed to radiation. Staff who are exposed regularly 
to radiation should wear film badges. The film badge 
contains a piece of photographic film which permits es- 
timation of the energy and dose of radiation received. 


MAGNETIC RESONANCE IMAGING 


Nuclear magnetic resonance (NMR) is a phenom- 
enon that was first described by Bloch and Purcell 
FIGURE 14.18 © Basic structure of an atom. in 1945 and has been used widely in chemistry and 


biochemistry. The more recent application of NMR to 
imaging came to be known as magnetic resonance im- 
aging (MRI). The word nuclear was removed in order 
to emphasize that this technique was not associated 
with any radiation risk. 


Physical Principles of MRI 


Because of the presence of protons, all atomic nuclei 
possess a charge. In addition, the nuclei of some at- 
oms spin. The combination of the spinning and the 
charge results in a local magnetic field. When some 
nuclei are placed in a powerful static magnetic field, 
they tend to align themselves longitudinally with the 
field. Approximately half of the nuclei are aligned par- 
allel to the field and the other half antiparallel to it. 
However, there is an excess of nuclei which are parallel 
to the field and it is this population of nuclei which 
are of interest in the principles of MRI. When such a 
population of nuclei is subjected intermittently to a 
second magnetic field which is oscillating at the reso- 
nant frequency of the nucleus and at right angles to 
the static field, they tend to precess (i.e. they rotate 
about an axis different from the one about which they 
are spinning). The precession of the nuclei produces 
a rotating magnetic field and this is measured from 
the magnitude of the electrical signal induced in a set 
of coils within the MRI unit. The atoms then revert 
to their normal alignment. As they do so, images are 
made at different phases of relaxation known as T1, 
T2 and other sequences. These sequences are recorded. 
From the timings of these sequences, referred to as dif- 
ferent weightings, the recorded images are compared 
with each other. The detected signals are then used to 
form an image of the body. 

The hydrogen ion is used commonly for imaging 
because it is abundant in the body and has a strong re- 
sponse to an external magnetic field. Phosphorus may 
also be used. 

The SI unit for magnetic flux density is the tesla (T) 
and magnets that are used in most MRI units have a 
magnetic flux density of 0.1-4T. The powerful mag- 
netic field may be created by either a permanent mag- 
net (which cannot be switched on and off and tends to 
be heavy) or an electromagnet. 

The presence of a strong magnetic field and re- 
stricted access to the patient imply that anaesthesia 
for patients undergoing an MRI scan presents unique 
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problems which should be taken into account when 
planning MRI services. MRI-compatible anaesthetic 
equipment is essential. The hazards associated with 
using incorrect equipment include the projectile ef- 
fect, burns and malfunction. Significant levels of 
acoustic noise are produced during MRI imaging be- 
cause of vibrations within the scanner. Ear protectors 
should be provided to staff who may remain within 
the examination room during the scan and to the pa- 
tients. The noise level may also make audible alarms 
inappropriate. 


ULTRASOUND 


Ultrasonic vibration is defined as between 20 kHz and 
the MHz range, outside hearing range. An ultrasound 
probe or transmitter consists of a piezo-electric crys- 
tal, which generates mechanical vibration, a vibrating 
pressure wave, in response to an electrical input (see 
Fig. 14.19A). Conversely it can also produce an electri- 
cal output in response to a mechanical pressure wave 
input. Hence the piezo-electric crystal can be used to 
transmit a pressure wave and to detect a reflected wave 
(see Fig. 14.19B). 

The wavelength (A) and the transmission frequency 
(f) are related to the propagation velocity c by the for- 
mula c=fi. 

The period T of such a wave is the time taken for 
one full cycle, and is given by T = 1/f. 

Ultrasound velocity in a tissue and the attenua- 
tion of the wave varies depending on the tissue it is 
travelling through. In soft tissues the wave velocity 
is between 1460 and 1630ms' whereas in bone it is 
2700-4100 ms“. Bone attenuates the waveform about 
10 times as quickly as soft tissue. The greatest penetra- 
tion is achieved with the lowest frequency but with poor 
resolution, while the converse holds for high frequency 
waves. A compromise is to use the highest frequency 
that will give good resolution, and which will also en- 
sure adequate penetration of the tissues being investi- 
gated. For example, a frequency of 3 MHz is normally 
used to visualize the kidneys, while 20 MHz is used to 
visualize intracorporeal devices inserted by the anaes- 
thetist, such as needles and catheters. It is the reflection 
of the ultrasound wave at the interface between two 
tissues or at tissue-fluid (air) interfaces which provides 
a diagnostic image. The same piezo-electric crystal 
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FIGURE 14.19 = Ultrasound generated from a piezo-electric 
crystal. An electrical signal input causes the crystal to deform 
(A), creating a pressure wave. Air conducts ultrasound poorly, 
so coupling between probe and surface requires gel. In (B) the 
reverse process occurs, and a reflected pressure wave induces 
an electrical signal, which can be used to create an image. 
(Adapted from Fig: 10.1 'Ultrasound and Doppler' from Magee P, Tooley 
M (2011) Physics, Clinical Measurement and Equipment of Anaesthetic 
Practice for the FRCA by permission of Oxford University Press.) 


is usually used as the receiver, with the transmission 
mode switched off. The induced pressure changes cou- 
pled to the transducer induce electrical signals, which 
produce an image (see Fig. 14.19B). A real-time two 
dimensional image, using multiple probes, can be pro- 
duced; this is known as a B scan. 

Ultrasound can also be used in Doppler mode. When 
an ultrasonic wave reflects off a stationary object, the 
reflected wave has the same frequency as the transmit- 
ted wave. When the object (such as a collection of red 
blood cells) is moving towards the transmitter, however, 


it encounters more oscillations per unit time than its 
stationary equivalent, so the frequency of the reflected 
wave is apparently increased. Conversely, when the ob- 
ject is moving away from the ultrasound wave, the fre- 
quency of the deflected wave is reduced. This property 
can be used as a non-invasive technique for measure- 
ment of blood velocity (not flow) within the body. 

For a transmitted frequency f, , of wavelength A, and 
the velocity of sound in the medium c: 


f=c/h. 


If the beam hits an object which is moving directly 
towards the transmitter at velocity v, the frequency of 
the waves arriving at the reflector (f) will now be: 


f=(ctv)/r. 


The reflector will now act as a source which is mov- 
ing towards the transmitter, and the actual frequency 
sensed by the transmitter (in receiver mode) will be 
Í. =(c+2v)/À. The apparent increase in frequency is 
given by: 


(f-f, J=(c+2v)/d. — c/h, 
=2v/h, 
= 2vf, /c. 


The frequency difference can be transduced into an 
audible signal, or used to calculate the velocity of the 
blood cells. Normally the Doppler beam is applied non- 
invasively, not directly facing an oncoming flow of blood, 
but from outside the blood vessel, at an angle 6 to it. The 
resulting frequency shift must be multiplied by cos0. 

Clearly the greatest accuracy in measuring blood 
velocity (e.g. to derive cardiac output) is achieved by 
having the probe aligned as far as is possible with the 
vessel (e.g. the aorta). Having measured mean velocity 
of the blood in a vessel in order to calculate blood flow, 
the mean diameter of the vessel must also be mea- 
sured, and its cross sectional area calculated, using the 
formula: flow = velocity X area. 


LASERS 


A laser produces an intense beam of light which re- 
sults from stimulation of atoms (the laser medium) by 
electrical or thermal energy. Laser light has three de- 
fining characteristics: coherence (all waves are in phase 
both in time and in space), collimation (all waves 
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FIGURE 14.20 


travel in parallel directions) and monochromaticity 
(all waves have the same wavelength). The term laser 
is an acronym for Light Amplification by Stimulated 
Emission of Radiation. 


Physical Principles of Lasers 


When atoms of the lasing medium are excited from a nor- 
mal ground state into a high-energy state by a ‘pumping’ 
source, this is known as the excited state. When the atoms 
return from the excited state to the normal state, the energy 
is often dissipated as light or radiation of a specific wave- 
length characteristic of the atom (spontaneous emission). 
In normal circumstances, when this change from higher 
to lower energy state occurs, the light emitted is likely to be 
absorbed by an atom in the lower energy state rather than 
meet an atom in a higher energy state and cause more 
light emission. In a laser, the number of excited atoms is 
raised significantly so that the light emitted strikes another 
high-energy atom and, as a result, two light particles with 
the same phase and frequency are emitted (stimulated 
emission). These stages are summarized below: 


= Excitation: stable atom+energy— high-energy 
atom 

m Spontaneous emission: high-energy atom-— stable 
atom+a photon of light 

= Stimulated emission: photon of light+high- 
energy atom— stable atom +2 photons of light. 


The light emitted is reflected back and forth many 
times between mirrored surfaces, giving rise to further 


Principle of a laser system. 


stimulation. This amplification continues as long as 
there are more atoms in the excited state than in the 
normal state. 

A laser system has four components (Fig. 14.20). 


m The laser medium may be gas, liquid or solid. 
Common surgical lasers are CO,, argon gas and 
neodymium-yttrium-aluminium-garnet (Nd- 
YAG) crystal. This determines the wavelength 
of the radiation emitted. The Nd-YAG and CO, 
lasers emit invisible infrared radiation and argon 
gives blue-green radiation. 

m The pumping source supplies energy to the laser 
medium and this may be either an intense flash 
of light or electric discharge. 

= An optical cavity is the container in which the 
laser medium is encased. It also contains mir- 
rors used to reflect light in order to increase the 
energy of the stimulated emission. One of the 
mirrors is a partially transmitting mirror, which 
allows the laser beam to escape. 

m The light guide directs the laser light to the surgi- 
cal site. This may be in the form of a hollow tube 
or a flexible fibreoptic guide. 


The longer the wavelength of the laser light, the 
more strongly it is absorbed, and the power of the light 
is converted to heat in shallower tissues, e.g. CO.. The 
shorter the wavelength, the more scattered is the light, 
and the light energy is converted to heat in deeper tis- 
sues, e.g. Nd-YAG. 
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Lasers are categorized into four classes according 
to the degree of hazard they afford: class 1 is the least 
dangerous and class 4 the most dangerous. Surgical la- 
sers which are specifically designed to damage tissue 
are class 4. 


OPTICAL FIBRES 


Optical fibres are used in the design of endoscopes and 
bronchoscopes in order to be able to see around cor- 
ners. Optical fibres use the principle that when light 
passes from one medium to another, it is refracted (i.e. 
bent). If the direction of the light is altered, the light 
may be totally reflected instead and this allows trans- 
mission of the light along the optical fibres (Fig. 14.21). 
As a result, if light passes into one end of a fibre of 
glass or other transparent material, it may pass along 
the fibre by being continually reflected from the glass/ 
air boundary. Endoscopes and bronchoscopes contain 
bundles of flexible transparent fibres. 


FIRES AND EXPLOSIONS 


Although the use of inflammable anaesthetic agents 
has declined greatly over the last two to three decades, 
ether is still used in some countries. In addition, other 
inflammable agents may be utilized in the operating 
theatre, e.g. alcohol for skin sterilization. Thus the 
anaesthetist should have some understanding of the 
problems and risks of fire occurring in the operating 
theatre. 

Fires are produced when fuels undergo combus- 
tion. A conflagration differs from a fire in having a 
more rapid and more violent rate of combustion. A 
fire becomes an explosion if the combustion is suf- 
ficiently rapid to cause pressure waves that, in turn, 
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FIGURE 14.21 Principle of the optical fibre. 


cause sound waves. If these pressure waves possess suf- 
ficient energy to ignite adjacent fuels, the combustion 
is extremely violent and termed a detonation. 

Fires require three ingredients: 


m fuel 

m oxygen or other substance capable of supporting 
combustion 

m source of ignition, i.e. a source of heat sufficient 
to raise the fuel temperature to its ignition tem- 
perature. This quantity of heat is termed the acti- 
vation energy. 


Fuels 


The modern volatile anaesthetic agents are non- 
flammable and non-explosive at room temperature in 
either air or oxygen. 

Oils and greases are petroleum-based and form 
excellent fuels. In the presence of high pressures of 
oxygen, nitrous oxide or compressed air, these fuels 
may ignite spontaneously, an event termed dieseling 
(an analogy with the diesel engine). Thus oil or grease 
must not be used in compressed air, nitrous oxide or 
oxygen supplies. 

Surgical spirit burns readily in air and the risk is 
increased in the presence of oxygen or nitrous oxide. 
Other non-anaesthetic inflammable substances in- 
clude methane in the gut (which may be ignited by 
diathermy when the gut is opened), paper dressings 
and plastics found in the operating theatre suite. 

Ether burns in air slowly with a blue flame, but mix- 
tures of nitrous oxide, oxygen and ether are always ex- 
plosive. It has been suggested that if administration of 
ether is discontinued 5 min before exposure to a source 
of ignition, the patient’s expired gas is unlikely to burn 
provided that an open circuit has been used after dis- 
continuation of ether. 

The stoichiometric concentration of a fuel and oxi- 
dizing agent is the concentration at which all combus- 
tible vapour and agent are completely utilized. Thus 
the most violent reactions take place in stoichiometric 
mixtures, and as the concentration of the fuel moves 
away from the stoichiometric range, the reaction grad- 
ually declines until a point is reached (the flammabil- 
ity limit) at which ignition does not occur. 

The inflammability range for ether is 2-82% in 
oxygen, 2—36% in air and 1.5—24% in nitrous oxide. 
The stoichiometric concentration of ether in oxygen 


is 14% and there is a risk of explosion with ether con- 
centrations of approximately 12—40% in oxygen. In air, 
the stoichiometric concentration of ether is 3.4% and 
explosions do not occur. 


Support of Combustion 


It should always be remembered that as the concentra- 
tion of oxygen increases, so does the likelihood of igni- 
tion of a fuel and the conversion of the reaction from 
fire to explosion. 

Nitrous oxide supports combustion. During lapar- 
oscopy, there is a risk of perforation of the bowel and 
escape of methane or hydrogen into the peritoneal 
cavity. Consequently, the use of nitrous oxide to pro- 
duce a pneumoperitoneum for this procedure is not 
recommended; carbon dioxide is to be preferred, as it 
does not support combustion (and, in addition, has a 
much greater solubility in blood than nitrous oxide, 
thereby diminishing the risk of gas embolism). 


Sources of Ignition 


The two main sources of ignition in the operating the- 
atre are static electricity and diathermy. 


Static Electricity 


Electrostatic charge occurs when two substances 
are rubbed together and one of the substances has 
an excess of electrons while the other has a deficit. 
Electrostatic charges are produced on non-conductive 
material, such as rubber mattresses, plastic pillow cases 
and sheets, woollen blankets, nylon, terylene, hosiery 
garments, rubber tops of stools and nonconducting 
parts of anaesthetic machines and breathing systems. 
Static electricity may be a source of ignition. 


Diathermy 


Diathermy equipment has now become an essential 
element of most surgical practice. However, it should 
not be used in the presence of inflammable agents. 
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Other Sources of Ignition 


m Faulty electrical equipment. 
= Heat from endoscopes, thermocautery, lasers, etc. 
m Electric sparks from switches, X-ray machines, etc. 


Prevention of Static Charges 


Where possible, antistatic conducting material should 
be used in place of non-conductors. The resistance of 
antistatic material should be between 50 kQ cm! and 
10 MQ cm". 

All material should be allowed to leak static charges 
through the floor of the operating theatre. However, 
if the conductivity of the floor is too high, there is a 
risk of electrocution if an individual forms a contact 
between mains voltage and ground. Consequently, 
the floor of the operating theatre is designed to have 
a resistance of 25-50 kQ when measured between 
two electrodes placed 1 m apart. This allows the grad- 
ual discharge of static electricity to earth. Personnel 
should wear conducting shoes, each with a resistance 
of between 0.1 and 1 Q. 

Moisture encourages the leakage of static charges 
along surfaces to the floor. The risk of sparks from ac- 
cumulated static electricity charges is reduced if the 
relative humidity of the atmosphere is kept above 50%. 
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ANAESTHETIC APPARATUS 


naesthetists must have a sound understanding 


and firm knowledge of the functioning of all anaesthetic 
equipment in common use. Although primary malfunc- 
tion of equipment has not featured highly in surveys of 
anaesthetic-related morbidity and mortality, failure to 
understand the use of equipment and failure to check 
equipment prior to use feature in these reports as a cause 
of morbidity and mortality. This is true especially of ven- 
tilators, where lack of knowledge regarding the function 
of equipment may result in a patient being subjected 
to the dangers of hypoxaemia and/or hypercapnia. 

It is essential that anaesthetists check that all equip- 
ment is functioning correctly before they proceed to 
anaesthetize a patient (see Ch 21). In some respects, 
the routine of testing anaesthetic equipment resembles 
the airline pilot’s checklist, which is an essential pre- 
liminary to aircraft flight. 

The purpose of this chapter is to describe briefly ap- 
paratus which is used in delivery of gases, from the sources 
of supply to the patient’s lungs. Clearly, it is not possible to 
describe in detail equivalent models produced by all man- 
ufacturers. Consequently, this chapter concentrates on 
principles and some equipment which is used commonly. 

It is convenient to describe anaesthetic apparatus 
sequentially from the supply of gases to point of deliv- 
ery to the patient. This sequence is shown in Table 15.1. 


GAS SUPPLIES 


Bulk Supply of Anaesthetic Gases 


In the majority of modern hospitals, piped medical 
gases and vacuum (PMGV) systems have been in- 
stalled. These obviate the necessity for holding large 
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numbers of cylinders in the operating theatre suite. 
Normally, only a few cylinders are kept in reserve, at- 
tached usually to the anaesthetic machine. 

The advantages of the PMGV system are reductions 
in cost, in the necessity to transport cylinders and in acci- 
dents caused by cylinders becoming exhausted. However, 
there have been several well-publicized incidents in which 
anaesthetic morbidity or mortality has resulted from in- 
correct connections in piped medical gas supplies. 

The PMGV services comprise five sections: 


bulk store 

distribution pipelines in the hospital 

terminal outlets, situated usually on the walls or 
ceilings of the operating theatre suite and other sites 
flexible hoses connecting the terminal outlets to 
the anaesthetic machine 

connections between flexible hoses and anaes- 
thetic machines. 


Responsibility for the first three items lies with the 
engineering and pharmacy departments. Within the 
operating theatre, it is partly the anaesthetist’s respon- 
sibility to check the correct functioning of the last two 
items. 


Bulk Store 
Oxygen 


In small hospitals, oxygen may be supplied to the 
PMGV from a bank of several oxygen cylinders at- 
tached to a manifold. 

Oxygen cylinder manifolds consist of two groups 
of large cylinders (size J). The two groups alternate 
in supplying oxygen to the pipelines. In both groups, 


TABLE 15.1 


Classification of Anaesthetic Equipment 
Described in this Chapter 


Supply of gases: 
From outside the operating theatre 
From cylinders within the operating theatre, together with 
the connections involved 


The anaesthetic machine: 
Unions 
Cylinders 
Reducing valves 
Flowmeters 
Vaporizers 
Safety features of the anaesthetic machine 
Anaesthetic breathing systems 
Ventilators 
Apparatus used in scavenging waste anaesthetic gases 


Apparatus used in interfacing the patient to the anaesthetic 
breathing system: 

Laryngoscopes 

Tracheal tubes 

Catheter mounts and connectors 


Accessory apparatus for the airway: 
Anaesthetic masks and airways 
Forceps 
Laryngeal sprays 
Bougies 
Mouth gags 
Stilettes 
Suction apparatus 


all cylinder valves are open so that they empty si- 
multaneously. All cylinders have non-return valves. 
The supply automatically changes from one group to 
the other when the first group of cylinders is nearly 
empty. The changeover also activates an electrical sig- 
nalling system, which alerts staff to change the empty 
cylinders. 

However, in larger hospitals, pipeline oxygen origi- 
nates from a liquid oxygen store. Liquid oxygen is 
stored at a temperature of approximately —165°C at 
10.5 bar in what is in effect a giant Thermos flask — a 
vacuum insulated evaporator (VIE). Some heat passes 
from the environment through the insulating layer 
between the two shells of the flask, increasing the 
tendency to evaporation and pressure increase 
within the chamber. Pressure is maintained constant 
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by transfer of gaseous oxygen into the pipeline sys- 
tem (via a warming device). However, if the pres- 
sure increases above 17 bar (1700 kPa), a safety valve 
opens and oxygen runs to waste. When the supply 
of oxygen resulting from the slow evaporation from 
the surface in the VIE is inadequate, the pressure de- 
creases and a valve opens to allow liquid oxygen to 
pass into an evaporator, from which gas passes into 
the pipeline system. 

Liquid oxygen plants are housed some distance 
away from hospital buildings because of the risk of 
fire. Even when a hospital possesses a liquid oxygen 
plant, it is still necessary to hold reserve banks of oxy- 
gen cylinders in case of supply failure. 


Oxygen Concentrators. Recently, oxygen concentra- 
tors have been used to supply hospitals and it is likely 
that the use of these devices will increase in future. 
The oxygen concentrator depends upon the ability 
of an artificial zeolite to entrap molecules of nitro- 
gen. These devices cannot produce pure oxygen, but 
the concentration usually exceeds 90%; the remain- 
der comprises nitrogen, argon and other inert gases. 
Small oxygen concentrators are provided for domicili- 
ary use. 


Nitrous Oxide 


Nitrous oxide and Entonox may be supplied from 
banks of cylinders connected to manifolds similar to 
those used for oxygen. 


Medical Compressed Air 


Compressed air is supplied from a bank of cylinders 
into the PMGV system. Air of medical quality is re- 
quired, as industrial compressed air may contain fine 
particles of oil. 


Piped Medical Vacuum 


Piped medical vacuum is provided by large vacuum 
pumps which discharge via a filter and silencer to a 
suitable point, usually at roof level, where gases are 
vented to atmosphere. Although concern has been ex- 
pressed regarding the possibility of volatile anaesthetic 
agents dissolving in the lubricating oil of vacuum 
pumps and causing malfunction, this fear has not been 
realized. 
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Terminal Outlets 


There has been standardization of terminal out- 
lets in the UK since 1978, but there is no universal 
standard. 

Six types of terminal outlet are found commonly in 
the operating theatre. The terminals are colour-coded 
and also have non-interchangeable connections spe- 
cific to each gas: 


m Vacuum (coloured yellow) — a vacuum of at least 
53 kPa (400 mmHg) should be maintained at the 
outlet, which should be able to take a free flow of 
air of at least 40 L min™'. 

= Compressed air (coloured white/black) at 4 bar — 
this is used for anaesthetic breathing systems and 
ventilators. 

m Air (coloured white/black) at 7 bar — this is to be 
used only for powering compressed air tools and 
is confined usually to the orthopaedic operating 
theatre. 

m Nitrous oxide (coloured blue) at 4bar. 

= Oxygen (coloured white) at 4bar. 

m Scavenging — there is a variety of scavenging out- 
lets from the operating theatre. The passive sys- 
tems are designed to accept a standard 30-mm 
connection. 


Whenever a new pipeline system has been installed 
or servicing of an existing pipeline system has been 
undertaken, a designated member of the pharmacy 
staff should test the gas obtained from the sockets, 
using an oxygen analyser. Malfunction of an oxygen/ 
air mixing device may result in entry of compressed 
air into the oxygen pipeline, rendering an anaesthetic 
mixture hypoxic. Because of this and other potential 
mishaps, oxygen analysers should be used routinely 
during anaesthesia. 


Gas Supplies 


Gas supplies to the anaesthetic machine should be 
checked at the beginning of each session to ensure 
that the gas which issues from the pipeline or cylinder 
is the same as that which passes through the appro- 
priate flowmeter. This ensures that pipelines are not 
connected incorrectly. Both the machine in the oper- 
ating theatre and that in the anaesthetic room should 
be checked. Checking of anaesthetic machine and 


medical gas supplies is discussed fully in Chapter 20 
(‘The operating theatre environment’). 


CYLINDERS 


Modern cylinders are constructed from molybdenum 
steel. They are checked at intervals by the manufac- 
turer to ensure that they can withstand hydraulic pres- 
sures considerably in excess of those to which they are 
subjected in normal use. One cylinder in every 100 
is cut into strips to test the metal for tensile strength, 
flattening impact and bend tests. Medical gas cylinders 
are tested hydraulically every 5 years and the tests re- 
corded by a mark stamped on the neck of the cylinder 
and this includes test pressure, dates of test performed, 
chemical formula of the cylinder’s content and the tare 
weight. Cylinders may also be inspected endoscopi- 
cally or ultrasonically for cracks or defects on their in- 
ner surfaces. Light weight cylinders can be made from 
aluminium alloy with a fibreglass covering in an epoxy 
resin matrix. 

The cylinders are provided in a variety of sizes 
(A to J), and colour-coded according to the gas sup- 
plied. Cylinders attached to the anaesthetic machine 
are usually size E. The cylinders comprise a body and 
a shoulder containing threads into which are fitted a 
pin index valve block, a bull-nosed valve or a hand- 
wheel valve. 

The pin index system was devised to prevent inter- 
changeability of cylinders of different gases. Pin index 
systems are provided for the smaller cylinders of oxy- 
gen and nitrous oxide (and also carbon dioxide) which 
may be attached to anaesthetic machines. The pegs on 
the inlet connection slot into corresponding holes on 
the cylinder valve. 

Full cylinders are supplied usually with a plastic 
dust cover in order to prevent contamination by dirt. 
This cover should not be removed until immediately 
before the cylinder is fitted to the anaesthetic machine. 
When fitting the cylinder to a machine, the yoke is 
positioned and tightened with the handle of the yoke 
spindle. After fitting, the cylinder should be opened to 
make sure that it is full and that there are no leaks at 
the gland nut or the pin index valve junction, caused, 
for example, by absence of or damage to the washer. 
The washer used is normally a Bodok seal which has 
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a metal periphery designed to keep the seal in good 
condition for a long period. 

Cylinder valves should be opened slowly to prevent 
sudden surges of pressure and should be closed with 
no more force than is necessary, otherwise the valve 
seating may be damaged. 

The sealing material between the valve and the neck 
of the cylinder may be constructed from a fusable ma- 
terial which melts in the event of fire and allows the 
contents of the cylinder to escape around the threads 
of the joint. 

The colour codes used for medical gas cylinders 
in the United Kingdom are shown in Table 15.2. 


Different colours are used for some gases in other 
countries. There is a proposal to harmonize cylinder 
colours throughout Europe. The body will be painted 
white and only the shoulders will be colour-coded. The 
shoulder colours for medical gases will correspond to 
the current UK colours but will be horizontal rings 
rather than quarters. Cylinder sizes and capacities are 
shown in Table 15.3. 

Oxygen, air and helium are stored as gases in cylin- 
ders and the cylinder contents can be estimated from 
the cylinder pressure. The pressure gradually decreases 
as the cylinder empties. According to the universal gas 
law, the mass of the gas is directly proportional to the 


TABLE 15.2 


Medical Gas Cylinders Used Currently (2013) in the UK 


COLOUR PRESSURE AT 15 °C 

Body Shoulder Ib in? kPa Bar 
Oxygen Black White 1987 13700 137 
Nitrous oxide Blue Blue 638 4400 44 
co, Grey Grey 725 5000 50 
Helium Brown Brown 1987 13700 137 
Air Grey White/black quarters 1987 13700 137 
O,/helium Black White/brown quarters 1987 13700 137 
N,O/O, (Entonox) Blue White/blue quarters 1987 13700 137 


TABLE 15.3 


Medical Gas Cylinder Sizes and Capacities by Cylinder Size (A-J) and Height (inches) 


CAPACITIES (L) 


A/10 in B/10 in C/14 in D/18 in E/31 in F/34 in G/49 in J/57 in 
Oxygen 170 340 680 1360 3400 6800 
Nitrous oxide 450 900 1800 3600 9000 
co, 450 900 1800 
Helium 300 1200 
Air 3200 6400 
O,/helium 600 1200 
0,/CO, 1360 3400 
Entonox 3200 6400 
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pressure, and the volume of gas that would be avail- 
able at atmospheric pressure can be calculated using 
Boyle’s law. 

Nitrous oxide and carbon dioxide cylinders con- 
tain liquid and vapour and the cylinders are filled to 
a known filling ratio (see Ch 14). The cylinder pres- 
sure cannot be used to estimate its contents because 
the pressure remains relatively constant until after all 
the liquid has evaporated and the cylinder is almost 
empty, though cylinder pressure may change slightly 
due to temperature changes during use. The contents 
of nitrous oxide and carbon dioxide cylinders can be 
estimated from the weight of the cylinder. 


THE ANAESTHETIC MACHINE 
The anaesthetic machine comprises: 


m a means of supplying gases either from attached 
cylinders or from piped medical supplies via ap- 
propriate unions on the machine 

m methods of measuring flow rate of gases 

m apparatus for vaporizing volatile anaesthetic 
agents 

m breathing systems and a ventilator for delivery 
of gases and vapours from the machine to the 
patient 

m apparatus for scavenging anaesthetic gases in or- 
der to minimize environmental pollution. 


Supply of Gases 


In the UK, gases are supplied at a pipeline pressure of 
4bar (400 kPa, 60 Ib in”) and this pressure is transferred 
directly to the bank of flowmeters and back bar of the 
anaesthetic machine. Flexible colour-coded hoses con- 
nect the pipeline outlets to the anaesthetic machine. 
The anaesthetic machine end of the hoses should be 
permanently fixed using a nut and liner union where 
the thread is gas-specific and non-interchangeable. 
The non-interchangeable screw thread (NIST) is the 
British Standard. 

The gas issuing from medical gas cylinders is at a 
much higher pressure, necessitating the interposition 
of a pressure regulator between the cylinder and the 
bank of flowmeters. In some older anaesthetic ma- 
chines (and in some other countries), the pressure in 
the pipelines of the anaesthetic machine may be 3 bar 
(300 kPa, 451b in’). 


Pressure Gauges 


Pressure gauges measure the pressure in the cylin- 
ders or pipeline. Anaesthetic machines have pressure 
gauges for oxygen, air and nitrous oxide. These are 
mounted usually on the front panel of the anaesthetic 
machine. 


Pressure Regulators 


Pressure regulators are used on anaesthetic machines 
for three purposes: 


m to reduce the high pressure of gas in a cylinder to 
a safe working level 

m to prevent damage to equipment on the anaes- 
thetic machine, e.g. flow control valves 

m as the contents of the cylinder are used, the 
pressure within the cylinder decreases and 
the regulating mechanism maintains a con- 
stant outlet pressure, obviating the necessity to 
make continuous adjustments to the flowmeter 
controls. 


The principles underlying the operation of pressure 
regulators are described in detail in Chapter 14. 


Flow Restrictors 


Pressure regulators are omitted usually when anaes- 
thetic machines are supplied directly from a pipeline at 
a pressure of 4 bar. Changes in pipeline pressure would 
cause changes in flow rate, necessitating adjustment of 
the flow control valves. This is prevented by the use 
of a flow restrictor upstream of the flowmeter (flow 
restrictors are simply constrictions in the low-pressure 
circuit). 

A different type of flow restrictor may be fitted 
also to the downstream end of the vaporizers to pre- 
vent back-pressure effects (see Ch 14). The absence of 
such a flow restrictor may be detected if a gas-driven 
ventilator such as the Manley is used, as this leads to 
fluctuations in the positions of the flowmeter bobbins 
during the respiratory cycle. 


Pressure Relief Valves on Regulators 


Pressure relief valves are often fitted on the down- 
stream side of regulators to allow escape of gas if 
the regulators were to fail (thereby causing a high 
output pressure). Relief valves are set usually at 


approximately 7 bar for regulators designed to give an 
output pressure of 4 bar. 


Flowmeters 


The principles of flowmeters are described in detail in 
Chapters 14 and 16. 


Problems with Flowmeters 


m Non-vertical tube. This causes a change in shape 
of the annulus and therefore variation in flow. 
If the bobbin touches the side of the tube, re- 
sulting friction causes an even more inaccurate 
reading. 

m Static electricity. This may cause inaccuracy (by as 
much as 35%) and sticking of the bobbin, espe- 
cially at low flows. This may be reduced by coat- 
ing the inside of the tube with a transparent film 
of gold or tin. 

= Dirt on the bobbin may cause sticking or al- 
teration in size of the annulus and therefore 
inaccuracies. 

= Back-pressure. Changes in accuracy may be 
produced by back-pressure. For example, the 
Manley ventilator may exert a back-pressure and 
depress the bobbin; there may be as much as 10% 
more gas flow than that indicated on the flow- 
meter. Similar problems may be produced by the 
insertion of any equipment which restricts flow 
downstream, e.g. Selectatec head, vaporizer. 

m Leakage. This results usually from defects in the 
top sealing washer of a flowmeter. 


It is unfortunate that, in the UK, the standard posi- 
tion of the oxygen flowmeters is on the left followed 
by either nitrous oxide or air (if all three gases are sup- 
plied). On several recorded occasions, patients have 
suffered damage from hypoxia because of leakage from 
a broken flowmeter tube in this type of arrangement, 
as oxygen, being at the upstream end, passes out to the 
atmosphere through any leak. This problem is reduced 
if the oxygen flowmeter is placed downstream (i.e. on 
the right-hand side of the bank of flowmeters) as is 
standard practice in the USA. In the UK, this problem 
is now avoided by designing the outlet from the oxy- 
gen flowmeter to enter the back bar downstream from 
the outlets of other flowmeters (Fig. 15.1). Most mod- 
ern anaesthetic machines do not have a flowmeter for 
carbon dioxide. Some new anaesthetic machines such 
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FIGURE 15.1 Oxygen is the last gas to be added to the gas 
mixture being delivered to the back bar. 


as Primus Drager (Fig 15.2A) do not have traditional 
flowmeters; gas delivery is under electronic control and 
there is an integrated heater within a leak-tight breath- 
ing system. The gas flow is indicated electronically by a 
numerical display. In the event of an electrical failure, 
there is a pneumatic back-up which continues the de- 
livery of fresh gas. These machines are particularly well 
suited to low and minimal flow anaesthesia and they 
use standard vaporizers. 

The emergency oxygen flush is a non-locking button 
which, when pressed, delivers pure oxygen from the an- 
aesthetic outlet. On modern anaesthetic machines, the 
emergency oxygen flush lever is situated downstream 
from the flowmeters and vaporizers. A flow of about 
35-45 L min”! at pipeline pressure is delivered. This may 
lead to dilution of the anaesthetic mixture with excess 
oxygen if the emergency oxygen tap is opened partially 
by mistake and may result in awareness. There is also a 
risk of barotrauma if the high pressure is accidentally 
delivered directly to the patient’s lungs. 


Quantiflex 


The Quantiflex mixer flowmeter (Fig. 15.3) eliminates 
the possibility of reducing the oxygen supply inadver- 
tently. One dial is set to the desired percentage of oxy- 
gen and the total flow rate is adjusted independently. 
The oxygen passes through a flowmeter to provide evi- 
dence of correct functioning of the linked valves. Both 
gases arrive via linked pressure-reducing regulators. 
The Quantiflex is useful in particular for varying the 
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FIGURE 15.2 


(A) The Primus Drager anaesthetic machine, 
which does not have conventional flowmeters. (B) A Blease 
Frontline anaesthetic machine. 


ei 


FIGURE 15.3 


A Quantiflex flowmeter. The required 
oxygen percentage is selected using the dial, and the total 
flow of the oxygen/nitrous oxide mixture is adjusted using the 
grey knob. 


volume of fresh gas flow (FGF) from moment to mo- 
ment whilst keeping the proportions constant. In addi- 
tion, the oxygen flowmeter is situated downstream of 
the nitrous oxide flowmeter. 


Linked Flowmeters 


The majority of modern anaesthetic machines such as 
that shown in possess a mechanical link- 
age between the nitrous oxide and oxygen flowmeters. 
This causes the nitrous oxide flow to decrease if the 
oxygen flowmeter is adjusted to give less than 25-30% 


O, (F ). 


Vaporizers 


The principles of vaporizers are described in detail in 
Chapter 14. 
Modern vaporizers may be classified as: 


= Drawover vaporizers. These have a very low resis- 
tance to gas flow and may be used for emergency 
use in the field (e.g. Oxford miniature vaporizer; 
OMV) (Fig ye 
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FIGURE 15.6 ™ Sevoflurane vaporizer. 


m Plenum vaporizers. These are intended for 
unidirectional gas flow, have a relatively high 
resistance to flow and are unsuitable for use 
either as drawover vaporizers or in a circle sys- 
tem. Examples include the “TEC? type in which 
there is a variable bypass flow. Commonly used 
plenum vaporizers are shown in Figures 15.6 
and 15.7A. 


FIGURE 15.4 Flowmeters with mechanical linkage be- 
tween nitrous oxide and oxygen. 


Temperature regulation in the TEC vaporizers is 
achieved using a bimetallic strip. 

There has been more than one model of the ‘TEC 
type of vaporizer. The TEC Mark 2 vaporizer is now 
obsolete. The TEC Mark 3 had characteristics which 
were an improvement on the Mark 2. These included 
improved vaporization as a result of increased area 
of the wicks, reduced pumping effect by having a 
long tube through which the vaporized gas leaves 
the vaporizing chamber, improved accuracy at low 
gas flows and a bimetallic strip which is situated in 
the bypass channel and not the vaporizing chamber. 
In the Mark 4, the improvements were as follows: no 
spillage into the bypass channel if the vaporizer was 
accidentally inverted, and the inability to turn two va- 
porizers on at the same time when on the back bar of 
the anaesthetic machine. The TEC Mark 5 vaporizer 
(Fig. 15.7A—C) has improved surface area for vapor- 
ization in the chamber, improved key-filling action 
FIGURE 15.5 ® Oxford miniature vaporizer (OMV). and an easier mechanism for switching on the rotary 
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FIGURE 15.7 = (A) Isoflurane vaporizer. (B) Schematic diagram of the TEC mark 5 vaporizer. (C) Diagram of the TEC mark 5 
vaporizer. 


SAFETY FEATURES OF MODERN ANAESTHETIC MACHINES 271 


FIGURE 15.8 


Tec 6 desflurane vaporizer. 


valve and lock with one hand. Desflurane presents a 
particular challenge because it has a saturated vapour 
pressure of 664 mmHg (89 kPa) at 20°C and a boiling 
point of 23.5°C. In order to combat this problem, a 
new vaporizer, the TEC 6, was developed (Fig. 15.8). 
It is heated electrically to 39°C with a pressure of 
1550 mmHg (approx. 2 bar). The vaporizer has elec- 
tronic monitors of vaporizer function and alarms. 
The FGF does not enter the vaporization chamber. 
Instead, desflurane vapour enters into the path of the 
FGF. A percentage control dial regulates the flow of 
desflurane vapour into the FGF. The dial calibration 
is from 1% to 18%. The vaporizer has a back-up 9 
volt battery in case of mains failure. The function- 
ing of the vaporizer is shown diagrammatically in 
Figure 15.9. 

Anaesthetic-specific connections are available to 
link the supply bottle (container of liquid anaesthetic 
agent) to the appropriate vaporizer (Fig. 15.10). These 
connections reduce the extent of spillage (and thus at- 
mospheric pollution) and also the likelihood of filling 
the vaporizer with an inappropriate liquid. In addition 


to being designed specifically for each liquid, the con- 
nections themselves may be colour-coded (e.g. purple 
for isoflurane, yellow for sevoflurane, orange for enflu- 
rane, red for halothane). 

Halothane contains a non-volatile stabilizing 
agent (0.01% thymol) to prevent breakdown of the 
halothane by heat and ultraviolet light. Thymol is less 
volatile than halothane and its concentration in the 
vaporizer increases as halothane is vaporized. If the 
vaporizer is used and refilled regularly, the concentra- 
tion of thymol may become sufficiently high to im- 
pair vaporization of halothane. In addition, very high 
concentrations may result in a significant degree of 
thymol vaporization, which may be harmful to the pa- 
tient. Consequently, it is recommended that halothane 
vaporizers are drained once every 2 weeks. Sevoflurane 
and isoflurane vaporizers require to be emptied at 
much less frequent intervals. 


SAFETY FEATURES OF MODERN 
ANAESTHETIC MACHINES 


m Specificity of probes on flexible hoses between ter- 
minal outlets and connections with the anaesthetic 
machine. The flexible hoses are colour-coded and 
have non-interchangeable screw-threaded con- 
nectors to the anaesthetic machine. 

m Pin index system to prevent incorrect attach- 
ment of gas cylinders to anaesthetic machine. 
Cylinders are colour-coded and they are labelled 
with the name of the gas that they contain. 

m Pressure relief valves on the downstream side of 
pressure regulators. 

= Flow restrictors on the upstream side of 
flowmeters. 

m Arrangement of the bank of flowmeters such that 
the oxygen flowmeter is on the right (i.e. down- 
stream side) or oxygen is the last gas to be added 
to the gas mixture being delivered to the back bar 
(Fig. 15.1). 

m Non-return valves. Sometimes a single regula- 
tor and contents meter is used both for cylin- 
ders in use and for the reserve cylinder. When 
one cylinder runs out, the presence of a non- 
return valve prevents the empty cylinder from 
being refilled by the reserve cylinder and also 
enables the empty cylinder to be removed and 
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The TEC 6 desflurane vaporizer. Liquid in the vaporizing chamber is heated and mixed with fresh gas; the 


pressure-regulating valve balances both fresh gas pressure and anaesthetic vapour pressure. 


replaced without interrupting the supply of gas 
to the patient. 

Pressure gauges indicate the pressures in the 
pipelines and the cylinders. 


m An oxygen bypass valve (emergency oxygen) 


delivers oxygen directly to a point down- 
stream of the vaporizers. When operated, the 
oxygen bypass should give a flow rate of at least 
35 Lmin”. 

Mounting of vaporizers on the back bar. There 
is concern about contamination of vaporizers if 
two vaporizers are turned on at the same time. 
Temperature-compensated vaporizers contain 
wicks and these can absorb a considerable amount 
of anaesthetic agent. If two vaporizers are mounted 
in series, the downstream vaporizer could become 
contaminated to a dangerous degree with the 


agent from the upstream vaporizer. However, the 
newer TEC Mark 4 and 5 vaporizers have the in- 
terlocking Selectatec system (Fig. 15.11) which has 
locking rods to prevent more than one vaporizer 
being used at the same time. When a vaporizer is 
mounted on the back bar, the locking lever needs 
to be engaged (Mark 4 and 5). If this is not done, 
the control dial cannot be moved. 

Modern anaesthetic machines have a mechani- 
cal linkage between the nitrous oxide and oxygen 
flowmeters which prevents the delivery of less 
than 25-30% oxygen. 

A non-return valve situated downstream of the 
vaporizers prevents back-pressure (e.g. when 
using a Manley ventilator) which might oth- 
erwise cause output of high concentrations of 
vapour. 
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FIGURE 15.10 
vaporizer. 


An agent-specific connector for filling a 


Ea I 


FIGURE 15.11 
anaesthetic machine. This permits the vaporizer to be changed 
rapidly without interrupting the flow of carrier gas to the 
patient. 
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A Selectatec block on the back bar of an 


m A pressure relief valve may be situated down- 
stream of the vaporizer, opening at 34kPa to 
prevent damage to the flowmeters or vaporizers 
if the gas outlet from the anaesthetic machine is 
obstructed. 

m A pressure relief valve set to open at a low pres- 
sure of 5 kPa may be fitted to prevent the patient’s 
lungs from being damaged by high pressure. 
The presence of such a valve prevents the use of 
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gas-driven minute volume divider ventilators, 

such as the Manley. 

Oxygen failure warning devices. Anaesthetic ma- 

chines have a built in oxygen failure device. There 

are a variety of oxygen failure warning devices. 

The ideal warning device should have the follow- 

ing characteristics: 

= activation depends on the pressure of oxygen 
itself and does not depend on the pressure of 
any other gas 

= does not use a battery or mains power 

m gives a signal which is audible, of sufficient 
duration and of distinctive character 

= should give a warning of impending fail- 
ure and a further warning that failure has 
occurred 

= should interrupt the flow of all other gases 
when it comes into operation. 

= The breathing system should open to the at- 
mosphere, the inspired oxygen concentration 
should be at least equal to that of air, and accu- 
mulation of carbon dioxide should not occur. 
In addition, it should be impossible to resume 
anaesthesia until the oxygen supply has been 
restored. 

= The reservoir bag in an anaesthetic breathing 
system is highly distensible and seldom reaches 
pressures exceeding 5 kPa. 


MRI-compatible anaesthetic machines are available 
such as the Prima SP Anaesthetic machine (Penlon) 
which is made from non-ferrous metals and can be 
used up to the 1000 Gauss line. 


BREATHING SYSTEMS 


The delivery system which conducts anaesthetic gases 
from the machine to the patient is termed colloquially 
a ‘circuit’ but is described more accurately as a breath- 
ing system. Terms such as ‘open circuits, “semi-open 
circuits’ or ‘semi-closed circuits’ should be avoided. 
The ‘closed circuit’ or circle system is the only true cir- 
cuit, as anaesthetic gases are recycled. 


Adjustable Pressure-Limiting Valve 


Most breathing systems incorporate an adjustable 
pressure-limiting valve (APL valve, spill valve, ‘pop- 
off? valve, expiratory valve), which is designed to vent 
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gas when there is a positive pressure within the system. 
During spontaneous ventilation, the valve opens when 
the patient generates a positive pressure within the sys- 
tem during expiration; during positive pressure ven- 
tilation, the valve is adjusted to produce a controlled 
leak during the inspiratory phase. 

Several valves of this type are available. They com- 
prise a lightweight disc (Fig. 15.12) which rests on a 
‘knife edge’ seating to minimize the area of contact 
and reduce the risk of adhesion resulting from sur- 
face tension of condensed water. The disc has a stem 
which acts as a guide to position it correctly. A light 
spring is incorporated in the valve so that the pressure 
required to open it may be adjusted. During sponta- 
neous breathing, the tension of the spring is low so 
that the resistance to expiration is minimized. During 
controlled ventilation, the valve top is screwed down to 
increase the tension in the spring so that gas leaves the 
system at a higher pressure than during spontaneous 
ventilation. Modern valves, even when screwed down 
fully, open at a pressure of 60cm H,O. Most valves are 
encased in a hood for scavenging. 


Closed 


FIGURE 15.12 
details. 


Diagram of a spill valve. See text for 


Classification of Breathing Systems 


In 1954, Mapleson classified anaesthetic breathing 
systems into five types (Fig. 15.13); the Mapleson 
E system was modified subsequently by Rees, but 
is classified as the Mapleson F system. The systems 
differ considerably in their ‘efficiency’, which is mea- 
sured in terms of the fresh gas flow (FGF) rate re- 
quired to prevent rebreathing of alveolar gas during 
ventilation. 
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FIGURE 15.13 = Mapleson classification of anaesthetic 
breathing systems. The arrow indicates entry of fresh gas to 
the system. 


Mapleson A Systems 


The most commonly used version is the Magill at- 
tachment. The corrugated hose should be of ad- 
equate length (usually approximately 110cm). It is 
the most efficient system during spontaneous venti- 
lation, but one of the least efficient when ventilation 
is controlled. 

During spontaneous ventilation (Fig. 15.14), there 
are three phases in the ventilatory cycle: inspiratory, ex- 
piratory and the expiratory pause. Gas is inhaled from 
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FIGURE 15.14 ™ Mode of action of Magill attachment dur- 


ing spontaneous ventilation. See text for details. FGF, fresh 
gas flow. 
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the system during inspiration (Fig. 15.14B). During 
the initial part of expiration, the reservoir bag is not 
full and thus the pressure in the system does not in- 
crease; exhaled gas (the initial portion of which is dead 
space gas) passes along the corrugated tubing towards 
the bag (Fig. 15.14C), which is filled also by fresh gas 
from the anaesthetic machine. During the latter part 
of expiration, the bag becomes full; the pressure in 
the system increases and the spill valve opens, vent- 
ing all subsequent exhaled gas to atmosphere. During 
the expiratory pause, continued flow of fresh gas from 
the machine pushes exhaled gas distally along the 
corrugated tube to be vented through the spill valve 
(Fig. 15.14D). Provided that the FGF rate is sufficiently 
high to vent all alveolar gas before the next inspiration, 
no rebreathing takes place from the corrugated tube. 
If the system is functioning correctly and no leaks are 
present, an FGF rate equal to the patients alveolar 
minute ventilation is sufficient to prevent rebreath- 
ing. In practice, a higher FGF is selected in order to 
compensate for leaks; the rate selected is usually equal 
to the patient’s total minute volume (approximately 
6Lmin" for a 70-kg adult). 

The system increases dead space to the extent of the 
volume of the anaesthetic face mask and angle piece 
to the spill valve. The volume of this dead space may 
amount to 100mL or more for an adult face mask. 
Paediatric face masks reduce the extent of dead space, 
but it remains too high to allow use of the system in 
infants or small children (<4 years old). 

The characteristics of the Mapleson A system are 
different during controlled ventilation (Fig. 15.15). 
At the end of inspiration (produced by the anaesthe- 
tist squeezing the reservoir bag), the bag is usually less 
than half full (see below). During expiration, dead 
space and alveolar gas pass along the corrugated tube 
and are likely to reach the reservoir bag, which there- 
fore contains some carbon dioxide (Fig. 15.15A). 
During inspiration, the valve does not open initially 
because its opening pressure has been increased 
by the anaesthetist in order to generate a sufficient 
pressure within the system to inflate the lungs. Thus, 
alveolar gas re-enters the patient’s lungs and is fol- 
lowed by a mixture of fresh, dead space and alveo- 
lar gases (Fig. 15.15B). When the valve does open, 
it is this mixture which is vented (Fig. 15.15C). 
Consequently, the FGF rate must be very high 
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FIGURE 15.15 ® Mode of action of Magill attachment dur- 
ing controlled ventilation. See text for details. FGF, fresh gas 
flow. 


(at least three times alveolar minute volume) to pre- 
vent rebreathing. The volume of gas squeezed from 
the reservoir bag must be sufficient both to inflate the 
lungs and to vent gas from the system. 

The major disadvantage of the Magill attachment 
during surgery is that the spill valve is attached close 
to the mask. This makes the system heavy, particularly 
when a scavenging system is used, and it is incon- 
venient if the valve is in this position during surgery 
of the head or neck. The Lack system (Fig. 15.16B) is 
a modification of the Mapleson A system with a co- 
axial arrangement of tubing. This permits positioning 
of the spill valve at the proximal end of the system. 
The inner tube must be of sufficiently wide bore to 
allow the patient to exhale with minimal resistance. 
The Lack system is not quite as efficient as the Magill 
attachment. 


The Bain system 


The Lack system 


FIGURE 15.16 


Coaxial anaesthetic breathing systems. 
(A) Bain system (Mapleson D). (B) Lack system (Mapleson A). 
FGF, fresh gas flow; EXP, expired gas. 


Mapleson B and C Systems 


These systems cause mixing of alveolar and fresh gas 
during spontaneous or controlled ventilation. Very 
high FGF rates are required to prevent rebreathing. 
There is no clinical role for the Mapleson B system. 
The Mapleson C system is used in some hospitals to 
ventilate the lungs with oxygen during transport, but 
a self-inflating bag with a non-rebreathing valve is 
preferable. 


Mapleson D System 


The Mapleson D arrangement is inefficient during 
spontaneous breathing (Fig. 15.17). During expir- 
ation, exhaled gas and fresh gas mix in the cor- 
rugated tube and travel towards the reservoir bag 
(Fig. 15.17B). When the reservoir bag is full, the pres- 
sure in the system increases, the spill valve opens and 
a mixture of fresh and exhaled gas is vented; this in- 
cludes the dead space gas, which reaches the reser- 
voir bag first (Fig. 15.17C). Although fresh gas pushes 
alveolar gas towards the valve during the expiratory 
pause, a mixture of alveolar and fresh gases is inhaled 
from the corrugated tube unless the FGF rate is at 
least twice as great as the patient’s minute volume 
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FIGURE 15.17 ™ Mode of action of Mapleson D breathing 
system during spontaneous ventilation. See text for details. 
FGF, fresh gas flow. 


(i.e. at least 12 L min™ in the adult); in some patients, 
an FGF rate of 250mLkg"™ mim is required to pre- 
vent rebreathing. 

However, the Mapleson D system is more efficient 
than the Mapleson A during controlled ventilation 
(Fig. 15.18), especially if an expiratory pause is incor- 
porated into the ventilatory cycle. During expiration, 
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FIGURE 15.18 ™ Mode of action of Mapleson D breathing 


system during controlled ventilation. See text for details. FGF, 
fresh gas flow. 


the corrugated tubing and reservoir bag fill with a 
mixture of fresh and alveolar gas (Fig. 15.18A). Fresh 
gas fills the distal part of the corrugated tube during 
the expiratory pause (Fig. 15.18B). When the reser- 
voir bag is squeezed, this fresh gas enters the lungs, 
and when the spill valve opens a mixture of fresh and 
alveolar gas is vented. The degree of rebreathing may 
thus be controlled by adjustment of the FGF rate, 
but this should always exceed the patient’s minute 
volume. 

The Bain coaxial system (Fig. 15.16A) is the most 
commonly used version of the Mapleson D system. 
FGF is supplied through a narrow inner tube. This 
tube may become disconnected, resulting in hypox- 
aemia and hypercapnia. Before use, the system should 
be tested by occluding the distal end of the inner tube 
transiently with a finger or the plunger of a 2-mL sy- 
ringe; there should be a reduction in the flowmeter 
bobbin reading during occlusion and an audible 
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The Penlon Nuffield 200 ventilator. 


FIGURE 15.19 


release of pressure when occlusion is discontinued. 
Movement of the reservoir bag during anaesthesia 
does not necessarily indicate that fresh gas is being de- 
livered to the patient. 

The Bain system may be used to ventilate the pa- 
tient’s lungs with some types of automatic ventilator 
(e.g. Penlon Nuffield 200; Fig. 15.19). A 1-m length of 
corrugated tubing is interposed between the patient 
valve of the ventilator and the reservoir bag mount 
(Fig. 15.20); the spill valve must be closed completely. 
An appropriate tidal volume and ventilatory rate are 
selected on the ventilator and anaesthetic gases are 
supplied to the Bain system. During inspiration, the 
gas from the ventilator pushes a mixture of anaesthetic 
and alveolar gas from the corrugated outer tube into 
the patient’s lungs; during expiration, the ventilator 
gas and some of the alveolar gas are vented through the 
exhaust valve of the ventilator. The degree of rebreath- 
ing is regulated by the anaesthetic gas flow rate; a flow 
of 70-80 mLkg" min" should result in normocapnia 
and a flow of 100 mLkg“ min" in moderate hypocap- 
nia. A secure connection between the Bain system and 


Corrugated 
tube 
From control 
module of _ _ Exhaust 
ventilator 
Patient valve 
FIGURE 15.20 ® The Bain system for controlled ventilation 


by a mechanical ventilator (e.g. Penlon Nuffield 200). A 1-m 
length of corrugated tubing with a capacity of at least 500 mL 
is required to prevent gas from the ventilator reaching the pa- 
tient’s lungs. PaCO, is controlled by varying the fresh gas flow 
(FGF) rate. 


the anaesthetic machine must be assured. If this con- 
nection is loose, a leak of fresh gas occurs; this causes 
rebreathing of ventilator gas and results in awareness, 
hypoxaemia and hypercapnia. 


Mapleson E and F Systems 


The Mapleson E system, or Ayre’s T-piece, has virtu- 
ally no resistance to expiration and was used exten- 
sively in paediatric anaesthesia before the advantages 
of continuous positive airways pressure (CPAP) 
were recognized. It functions in a manner similar to 
the Mapleson D system in that the corrugated tube 
fills with a mixture of exhaled and fresh gas dur- 
ing expiration and with fresh gas during the expi- 
ratory pause. Rebreathing is prevented if the FGF 
rate is 2.5-3 times the patient’s minute volume. If 
the volume of the corrugated tube is less than the 
patient’s tidal volume, some air may be inhaled at 
the end of inspiration; consequently, an FGF rate of 
at least 4L min" is recommended with a paediatric 
Mapleson E system. 

During spontaneous ventilation, there is no indica- 
tion of the presence, or the adequacy of ventilation. It 
is possible to attach a visual indicator, such as a piece 
of tissue paper or a feather, at the end of the corrugated 
tube, but this is not very satisfactory. 


Intermittent positive pressure ventilation (IPPV) 
may be applied by occluding the end of the corrugated 
tube with a finger. However, there is no way of assess- 
ing the pressure in the system and there is a possibil- 
ity of exposing the patient’s lungs to excessive volumes 
and pressures. 

The Mapleson F system, or Rees’ modification of 
the Ayre’s T-piece, includes an open-ended bag at- 
tached to the end of the corrugated tube. This confers 
several advantages: 


m It provides visual evidence of breathing during 
spontaneous ventilation. 

= By occluding the open end of the bag temporar- 
ily, it is possible to confirm that fresh gas is enter- 
ing the system. 

= It provides a degree of CPAP during spontaneous 
ventilation and positive end-expiratory pressure 
(PEEP) during IPPV. 

m It provides a convenient method of assisting or 
controlling ventilation. The open end of the res- 
ervoir bag is occluded between the fourth and 
fifth fingers and the bag is squeezed between the 
thumb and index finger; the fourth and fifth fin- 
gers are relaxed during expiration to allow gas to 
escape from the bag. It is possible with experi- 
ence to assess (approximately) the inflation pres- 
sure and to detect changes in lung and chest wall 
compliance. 


However, one main disadvantage of the Mapleson F 
system is that efficient scavenging is unsatisfactory and 
is non-standard. 


Mapleson ADE System 


This system provides the advantages of the Mapleson 
A, D and E systems. It can be used efficiently for spon- 
taneous and controlled ventilation in both children 
and adults. 

It consists of two parallel lengths of 15-mm bore 
tubing; one delivers fresh gas and the other carries ex- 
haled gas. One end of the tubing connects to the pa- 
tient via a Y-connection and the other end contains the 
Humphrey block (Fig. 15.21). The Humphrey block 
(Fig. 15.22) consists of an APL valve, a lever to select 
spontaneous or controlled ventilation, a reservoir bag, 
a port to connect a ventilator and a safety pressure re- 
lief valve which opens at a pressure above 6 kPa. 


BREATHING SYSTEMS 279 


FIGURE 15.21 The ADE system. 


FIGURE 15.22 


The Humphrey block. This consists of an 
APL valve, a lever to select spontaneous or controlled ventila- 
tion, a reservoir bag, a port to connect to the ventilator and a 
safety pressure relief valve. 


When the lever is in the A mode (up), the reservoir 
bag is connected to the breathing system as it would 
be in the Mapleson A system. The breathing hose con- 
necting the bag to the patient is the inspiratory limb. 
The expired gases travel along the other tubing back 
to the APL valve, which is connected to the scavenging 
system. 

With the lever in the D/E mode (down), the reser- 
voir bag and the APL valve are isolated from the 
breathing system. What was the exspiratory limb in 
the A mode now delivers gas to the patient. The hose 
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returning gas to the Humphrey block now functions 
as a reservoir to the T-piece. This hose would open to 
atmosphere via a port adjacent to the bag mount, but 
in practice this port is connected to a ventilator such as 
the Penlon Nuffield. 

In adults, an appropriate FGF is 50-60 mLkg™ min” 
in spontaneously breathing patients and 70mLkg™ min™ 
in ventilated patients. 


Drawover Systems 


Occasionally, it is necessary to administer anaesthesia 
at the scene of a major accident. If inhalation anaes- 
thesia is required, it is necessary to use simple, por- 
table equipment. The Triservice apparatus has been 
designed by the British armed forces for use in battle 
conditions (Fig. 15.23). It comprises a self-inflating 
bag, a non-rebreathing valve (e.g. Ambu E, Rubens) 
which vents all expired gases to atmosphere, one or 
two Oxford miniature vaporizers (which have a low 
internal resistance), an oxygen supply and a length of 
corrugated tubing which serves as an oxygen reservoir. 
Either spontaneous or controlled ventilation may be 
employed using this apparatus. 


Rebreathing Systems 


Anaesthetic breathing systems in which some gas is 
rebreathed by the patient were designed originally to 
economize in the use of cyclopropane. In addition, 
they reduce the risk of atmospheric pollution and in- 
crease the humidity of inspired gases, thereby reduc- 
ing heat loss from the patient. Rebreathing systems 
may be used as ‘closed’ systems, in which fresh gas is 


FIGURE 15.23 = The Triservice apparatus. (Courtesy of Dr S. Kidd.) 


introduced only to replace oxygen and anaesthetic 
agents absorbed by the patient. More commonly, the 
system is used with a small leak through a spill valve, 
and the fresh gas supply exceeds basal oxygen require- 
ments. Because rebreathing occurs, these systems must 
incorporate a means of absorbing carbon dioxide from 
exhaled alveolar gas. 


Soda Lime 


Soda lime is the substance used most commonly for 
absorption of carbon dioxide in rebreathing systems. 
The composition of soda lime is shown in Table 15.4. 
The major constituent is calcium hydroxide, but so- 
dium and potassium hydroxides may also be present. 
Absorption of carbon dioxide occurs by the following 
chemical reactions: 


CO, +2NaOH — Na,CO, + H,O + heat 
Na,CO, + Ca(OH), — 2NaOH + CaCO, 


Water is required for efficient absorption. There 
is some water in soda lime and more is added from 
the patient’s expired gas and from the chemical re- 
action. The reaction generates heat and the tem- 
perature in the centre of a soda lime canister may 
exceed 60°C. Sevoflurane has been shown to inter- 
act with soda lime to produce substances that are 
toxic in animals. However, this does not appear to 
impose any significant risk in humans (see Ch 2). 
There is new evidence suggesting that the presence 
of strong alkalis such as sodium and potassium 
hydroxides could be the trigger of the interaction 
between volatile agents and soda lime. New car- 
bon dioxide absorbers are now being manufactured 
without these hydroxides in order to reduce this 
interaction. 


TABLE 15.4 


Composition of Soda Lime 


Ca(OH), 94% 
NaOH 5% 

KOH <1% or nil 
Silica 0.2% 


Moisture content 14-19% 


The size of soda lime granules is important. If gran- 
ules are too large, the surface area for absorption is 
insufficient; if they are too small, the narrow space be- 
tween granules results in a high resistance to breath- 
ing. Granule size is measured by a mesh number. Soda 
lime consists of granules in the range of 4-8 mesh. 
(A 4-mesh strainer has four openings per square inch 
and an 8-mesh strainer has eight openings.) Silica is 
added to soda lime to reduce the tendency of the gran- 
ules to disintegrate into powder. In addition, soda lime 
contains an indicator which changes colour as the active 
constituents become exhausted. The rate at which soda 
lime becomes exhausted depends on the capacity of the 
canister, the FGF rate and the rate of carbon dioxide pro- 
duction. In a completely closed system, a standard 450-g 
canister becomes inefficient after approximately 2h. 


Baralyme 


Baralyme is another carbon dioxide absorber. It is a 
mixture of approximately 20% barium hydroxide and 
80% calcium hydroxide. It may also contain some po- 
tassium hydroxide, an indicator and moisture. Barium 
hydroxide contains eight molecules of water of crystal- 
lization, which help to fuse the mixture so that it re- 
tains the granular structure under various conditions 
of heat and moisture. The granules of Baralyme are 
similar to those of soda lime. 


‘To-and-Fro’ (Waters?) System 


This breathing system comprises a Mapleson C breathing 
system with a canister of soda lime interposed between 
the spill valve and the reservoir bag (Fig. 15.24). The 
soda lime granules nearest the patient become ex- 
hausted first, increasing the dead space of the system; 


Fresh gas flow 


APL Patient 
Soda lime canister valve 


FIGURE 15.24 ™ Waters’ anaesthetic breathing system, in- 
corporating a canister of soda lime. 
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in addition, the canister is positioned horizontally and 
gas may be channelled above the soda lime unless the 
canister is packed tightly. The system is cumbersome 
and there is a risk that patients may inhale soda lime 
dust from the canister. 


Circle System 


This system has replaced the ‘to-and-fro’ system. The 
soda lime canister is mounted on the anaesthetic ma- 
chine, and inspiratory and expiratory corrugated tub- 
ing conducts gas to and from the patient (Fig. 15.25). 
The system incorporates a reservoir bag and spill valve 
and two low-resistance one-way valves to ensure uni- 
directional movement of gas (Fig. 15.26). These valves 
are normally mounted in glass domes so that they may 
be observed to be functioning correctly. The spill valve 
may be mounted close to the patient or beside the ab- 
sorber; during surgery to the head or neck, it is more 
convenient to use a valve near the absorber. Fresh gas 
enters the system between the absorber and the inspi- 
ratory tubing. 


FIGURE 15.25 


The circle breathing system mounted on 
an anaesthetic machine. 
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FIGURE 15.26 


Reservoir bag 


Mechanism of the circle system. The direction of gas flow is controlled via the unidirectional valves. A lever 


allows the ventilation to be either spontaneous through the reservoir bag and APL valve, or controlled by a ventilator. 


The soda lime canister is mounted vertically and 
thus channelling of gas through unfilled areas is not 
possible. The canister cannot contribute to dead space; 
consequently, a large canister may be used and the 
soda lime needs to be changed less often. 

The major disadvantage of the circle system arises 
from its volume. If the system is filled with air initially, 
low flow rates of anaesthetic gases are diluted substan- 
tially and adequate concentrations cannot be achieved. 


Even if the system is primed with a mixture of anaesthetic 
gases, the initial rapid uptake by the patient results in a 
marked decrease in concentrations of anaesthetic agents 
in the system, resulting in light anaesthesia. Consequently, 
it is necessary usually to provide a total FGF rate of 
3—4Lmin™” to the system initially. This flow rate may be 
reduced subsequently, but it must be remembered that 
dilution of fresh gas continues at low flow rates and that 
rapid changes in depth of anaesthesia cannot be achieved. 
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Volatile anaesthetic agents may be delivered to a machine because of its high internal resistance. If 
circle system in two ways: low FGF rates (<1 Lmin") are used, the change 
in concentration of volatile anaesthetic agent 

= Vaporizer outside the circle (VOC) (Fig. 15.27A). achieved in the circle system is very small because 

If a standard vaporizer (e.g. TEC series) is used, it of dilution, even if the vaporizer is set to deliver 
must be placed on the back bar of the anaesthetic a high concentration (Fig. 15.28A). It may be 
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FIGURE 15.27 ™ Diagrammatic representation of the circle system. (A) Vaporizer outside the circle (VOC). (B) Vaporizer inside 
the circle (VIC). 
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FIGURE 15.28 ® Variation of inspired concentration of halothane with fresh gas flow (FGF) rate. Total minute ventilation is 
SLmin‘!. (A) Vaporizer outside the circle (VOC); note that dilution of the fresh gas results in much lower concentrations in the 
circle system than the concentration set on the vaporizer unless FGF rate approaches 3Lmin‘'. (B) Vaporizer inside the circle 
(VIC); at low flow rates, lack of dilution of expired halothane concentration, with additional halothane vaporized during each in- 
spiration, results in inspired concentrations much higher than those set on the vaporizer. Even at an FGF rate of 3 Lmin”, inspired 
concentration is approximately 50% higher than the vaporizer setting. 
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necessary to change FGF rate rather than the va- 
porizer setting in order to achieve a rapid change 
in depth of anaesthesia. The concentration of 
volatile agent in the system depends on the pa- 
tient’s expired concentration (which is recycled), 
the rate of uptake by the patient (which decreases 
with time and is lower with agents of low blood/ 
gas solubility coefficient), the concentration of 
agent supplied and the FGF rate. 

m Vaporizer inside the circle (VIC) (Fig. 15.27B). 
Drawover vaporizers with a low internal resis- 
tance (e.g. Goldman) may be placed within the 
circle system. During each inspiration, vapour is 
added to the inspired gas mixture. In contrast toa 
VOC system, the inspired concentration is higher 
at low FGF rates because the expired concentra- 
tion is diluted to a lesser extent (Fig. 15.28B) and 
the vaporizer adds to the concentration present 
in the expired gas. Very high concentrations of 
volatile agent may be inspired if minute volume 
is large; this risk is greatest if IPPV is employed. 


If FGF rate is low, the use of the circle system by the 
inexperienced anaesthetist may result either in inade- 
quate anaesthesia or in severe cardiovascular and respi- 
ratory depression. In addition, a hypoxic gas mixture 
may be delivered if low flow rates of a nitrous oxide/ 
oxygen mixture are supplied, because after 10-15 min, 
oxygen is taken up in larger volumes than nitrous ox- 
ide. These difficulties can be overcome by monitoring 
the inspired concentrations of oxygen, carbon dioxide 
and volatile anaesthetic agent continuously (see Ch 16). 
The trainee anaesthetist must be aware that: 


m It is inadvisable to use a VIC system unless in- 
spired concentrations of anaesthetic agents are 
monitored continuously. 

= IPPV must never be used with a VIC system unless 
inspired concentrations of anaesthetic agents are 
monitored continuously, because of the risk of gen- 
erating very high concentrations of volatile agent. 

m Nitrous oxide must not be used in any circle sys- 
tem if the total FGF rate is less than 1000 mL min", 
unless inspired oxygen concentration is measured 
continuously. 

m It is essential to monitor inspired concentrations 
of oxygen and inhalational anaesthetic agent and 
expired concentration of carbon dioxide when 
using the circle system. 


m One-way valves may stick. These should be 
checked both at the pre-anaesthetic check of the 
machine and during anaesthesia. 

= Because the circle system has many connections, 
the anaesthetist should be vigilant about check- 
ing for any leak or disconnection. 


The advantages and disadvantages of the circle sys- 
tem are summarized in Table 15.5. 


Manual Resuscitation Breathing Systems 


Occasionally, a patient may require emergency ventilation 
support using a source which does not rely on pressurized 
gas or electricity. It is recommended that such a breathing 
system is readily available in all areas where anaesthetics 
are administered in case such an emergency arises. 

There are many different types of manual resuscita- 
tion breathing systems but fundamentally they all have 
the following components: 


a a self-inflating bag 

= anon-rebreathing valve 

= a fresh gas input with or without an oxygen res- 
ervoir bag. 


The self-inflating bag has a volume of approxi- 
mately 1500mL, 500mL and 250mL for the adult, 
child and infant sizes, respectively. The non-rebreath- 
ing valve has several components which ensure that, 


TABLE 15.5 
Disadvantages and Advantages of the Circle System 


Disadvantages Advantages 


Cumbersome equipment Inspired gases are 


humidified and warmed 


Risk of delivering hypoxic Economical 


mixture 


Increased resistance to Minimal pollution 


breathing 

Slow change in the depth of 
anaesthesia 

Risk of awareness 

Risk of a rise in end-tidal CO, 
Risk of unidirectional valves 
sticking 

Not ideal for paediatric 
patients breathing 
spontaneously 


Some inhalational agents may 
interact with soda lime 


during the inspiratory phase, gas flows out of the bag 
into the patient and, during the expiratory phase, the 
valve ensures that exhaled gas escapes through the expi- 
ratory port without mixing with fresh gas. Three types 
of non-rebreathing systems are available, the Ruben, 
Ambu and Laerdal systems (Fig 15.29). Functionally, 
they are very similar but with some minor differences. 
The Ruben valve has a spring-loaded bobbin within the 
valve housing. The Ambu system has several series of 
valves which have either a single valve or double leaf 
valves to control unidirectional flow. The Laerdal sys- 
tem has three components: a duck-billed inspiratory/ 
expiratory valve, a valve body housing inspiratory and 
expiratory ports and a non-return flap valve in the ex- 
piratory port. 


VENTILATORS 


Mechanical ventilation of the lung may be achieved 
by several mechanisms, including the generation of 
a negative pressure around the whole of the patient’s 
body except the head and neck (cabinet ventilator 
or ‘iron lung’), a negative pressure over the thorax 
and abdomen (cuirass ventilators) or a positive pres- 
sure over the thorax and abdomen (inflatable cuirass 
ventilators). However, during anaesthesia, and in the 
majority of patients who require mechanical ventila- 
tion in the intensive care unit, ventilation is achieved 
by the application of positive pressure to the lungs 
through a laryngeal mask airway, tracheal tube or 
tracheostomy tube. Only this mode of ventilation is 
described here. 


FIGURE 15.29 The Laerdal manual resuscitation breath- 


ing system. 
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An enormous selection of ventilators exists and it 
is possible in this section to discuss only the principles 
involved in their use. Before using any ventilator, it is 
essential that the anaesthetist understands its functions 
fully; failure to do so may result in the delivery of a hy- 
poxic gas mixture, rebreathing of carbon dioxide and/ 
or delivery of a mixture that contains no anaesthetic 
gases. If an unfamiliar ventilator is encountered, it may 
be helpful to use a ‘dummy lung’ (a small reservoir bag 
on the patient connection) and to discuss the capa- 
bilities and limitations of the machine with a senior 
colleague. In addition, the manufacturer’s ‘user hand- 
book may be consulted or details may be obtained 
from a specialist book. 

Continuous clinical monitoring is essential when 
any ventilator is used, even those which incorporate 
sophisticated monitoring and warning devices. In ad- 
dition to standard clinical monitoring systems attached 
to the patient (see Ch 16), the minimum acceptable 
monitoring of ventilator function includes measure- 
ment of expired tidal volume, airway pressure and in- 
spired oxygen concentration; in addition, a ventilator 
disconnection alarm should be incorporated in the 
system. Continuous monitoring of end-tidal carbon 
dioxide, oxygen saturation and inspired anaesthetic gas 
concentrations is essential in the operating theatre. 

The incorporation of a humidifier in the inspira- 
tory limb, or of a condenser humidifier at the connec- 
tion with the tracheal tube, is essential in long-term 
ventilation in the ICU. Bacterial filters (Fig. 15.30) 


FIGURE 15.30 
used in breathing systems: left, a paediatric filter incorporated 
into an angle piece; right, an adult filter. 


Bacterial filters and humidifiers which are 
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are now recommended for all patients undergoing 
anaesthesia. 

The principles of operation of ventilators are de- 
scribed best by considering each phase of the venti- 
latory cycle: inspiration; change from inspiration to 
expiration; expiration; and change from expiration to 
inspiration. 


Inspiration 

The pattern of volume change in the lung is de- 
termined by the characteristics of the ventilator. 
Ventilators may deliver a predetermined flow rate of 
gas (constant flow generators) or exert a predetermined 


pressure (constant pressure generators), although some 
machines produce a pattern which does not conform 
precisely to either category. Most flow generators 
produce a constant flow of gas during inspiration, al- 
though a few generate a sinusoidal flow pattern if the 
ventilator bellows is driven via a crank. The charac- 
teristics of constant flow and constant pressure gen- 
erators are shown in Figure 15.31. 


Constant Pressure Generator 


The ventilator produces inspiration by generating a 
constant, predetermined pressure. However, if airway 
resistance increases or if compliance decreases, these 


Generated pressure 


o 
ae 


Alveolar volume 


Mouth pressure 
Alveolar pressure ----- 


FIGURE 15.31 
changes during inspiration and subsequent expiration produced by a constant pressure generator (A) and a constant flow gen- 
erator (B). A constant pressure generator exerts a low pressure (e.g. 1.5 kPa, 15 cmH,O). At the start of inspiration, the pressure 
in the alveoli is zero. Gas flows rapidly into the alveoli at a rate determined by airways resistance, resulting in rapid increases in 
alveolar volume and pressure. The mouth-alveolar pressure gradient decreases and flow rate, and consequently the rates of increase 
of alveolar volume and pressure, decrease also. When the alveolar pressure equals the ventilator pressure, flow ceases. A constant 
flow generator generates a very high internal pressure (e.g. 400 kPa) but has a high internal resistance to limit flow rate. The pres- 
sure gradient between machine and alveoli remains virtually constant throughout inspiration and thus flow rate is constant. The 
increases in alveolar volume and (assuming constant compliance) pressure are linear. Because flow rate is constant, the pressure 
gradient between mouth and alveoli is constant throughout inspiration. (a) Mouth pressure decreases to equal alveolar pressure 
during the inspiratory pause when flow ceases. (b) Gas flow out of the lung during expiration (c) is passive. 


Graphs of generated pressure, mouth (or tracheal tube) and alveolar pressures, flow rate and alveolar volume 
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Generated pressure 
Alveolar pressure ----- a 


FIGURE 15.32 


Volume 


Pa 
= 
pa 


Generated and alveolar pressures, and alveolar volume, during inspiration with a constant pressure generator. 


(A) Normal. (B) Decreased compliance. (C) Increased airway resistance. Note that both abnormalities reduce alveolar volume. 


ventilators deliver a reduced tidal volume at the preset 
cycling pressure (Fig. 15.32). Consequently, their per- 
formance is variable. 


Constant Flow Generator 


These ventilators produce inspiration by delivering 
a predetermined constant flow rate of gas during 
inspiration. Changes in resistance or compliance 
make little difference to the volume delivered (un- 
less the ventilator is pressure-cycled; see below), 
although airway and alveolar pressures may change 
(Fig. 15.33). For example, decreased compliance re- 
sults in delivery of a normal tidal volume; however, 
the rate of increase of alveolar pressure is greater 
than normal (i.e. the slope is greater) and airway 
pressure is correspondingly higher to maintain an 
appropriate pressure gradient between the tracheal 
tube and the alveoli. If airway resistance increases, 
the pressure at the tracheal tube (and the gradi- 
ent between tracheal tube and alveolar pressures) 
is higher than normal throughout inspiration, but 
alveolar pressure and the slopes of both pressure 
curves are normal. Constant flow generators do not 
compensate for leaks; the tidal volume delivered to 
the lungs decreases. 

Some ventilators generate a pressure rather 
higher than that required to inflate the lungs but not 
high enough to maintain constant flow throughout 


Mouth pressure 
Alveolar pressure 


FIGURE 15.33 ™ Mouth and alveolar pressures during inspira- 
tion with a constant flow generator. (A) Normal. (B) Decreased 
compliance. (C) Increased airway resistance. Alveolar volume 
remains constant because flow rate is constant. Decreased 
compliance results in an increased rate of increase of alveolar 
pressure; mouth pressure also increases more steeply, but the 
gradient between mouth and alveolar pressures remains nor- 
mal. Increased airway resistance increases the mouth-alveolar 
pressure gradient. 
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FIGURE 15.34 Pressure, flow and alveolar volume char- 
acteristics during inspiration with a ventilator with a moder- 
ately high internal pressure. At higher bellows pressures, and 
in a patient with normal compliance and airway resistance, 
the characteristics approximate to those of a constant flow 
generator (Fig. 15.33). At low bellows pressures, if compli- 
ance decreases or if airway resistance increases, the pattern is 
similar to that of a constant pressure generator. 


inspiration. The flow, volume and pressure changes 
within the lung are shown in Figure 15.34. 


Change from Inspiration to Expiration 


This is termed ‘cycling’ and may be achieved in one of 
three ways: 

Volume-cycling. The ventilator cycles into expira- 
tion whenever a predetermined tidal volume has been 
delivered. The duration of inspiration is determined 
by the inspiratory flow rate. 

Pressure-cycling. The ventilator cycles into expira- 
tion when a preset airway pressure is achieved. This 
allows compensation for small leaks but, in common 
with a constant pressure generator, a pressure-cycled 
ventilator delivers a different tidal volume if compli- 
ance or resistance change. In addition, inspiratory time 
varies with changes in compliance and resistance. 


Time-cycling. This is the method used most com- 
monly by modern ventilators. The duration of inspira- 
tion is predetermined. With a constant flow generator, 
it may be desirable to preset a tidal volume; when this 
has been delivered, there is a short inspiratory pause 
(which improves gas distribution within the lung) 
before the inspiratory cycle ends. The use of this 
‘volume-preset’ mechanism must be differentiated 
from volume-cycling, in which the ventilator cycles 
into expiration whenever the preset tidal volume has 
been delivered (and therefore the respiratory rate may 
be variable). When a constant pressure generator is 
time-cycled, the tidal volume delivered depends on 
the compliance and resistance of the lungs and on the 
pressure within the bellows. 


Expiration 

Usually, the patient is allowed to exhale to atmo- 
spheric pressure; flow rate decreases exponentially. 
Subatmospheric pressure should not be used during 
expiration as it induces closure of small airways and air 


trapping. PEEP may be applied in some circumstances 
(see Ch 45). 


Change from Expiration to Inspiration 


On most ventilators, this is achieved by time-cycling. 
However, it may be desirable occasionally to use pres- 
sure-cycling in response to a subatmospheric pressure 
generated by the patient’s inspiratory effort. 


Delivery of Anaesthetic Gas 


Some ventilators deliver a minute volume determined 
by a preset tidal volume and rate. When used in anaes- 
thesia, these machines must be supplied with a flow 
rate of anaesthetic gases which equals or exceeds the 
minute volume delivered, otherwise air, or gas used to 
drive the ventilator, is entrained and delivered to the 
patient. Ventilators such as the Blease Manley ven- 
tilator (Fig. 15.35) are driven by the anaesthetic gas 
supply, can deliver only that gas, and divide it into pre- 
determined tidal volumes (minute volume dividers). 
Ventilators may be used to compress bellows in 
a separate system which contains anaesthetic gases 
(‘bag-in-a-bottle’); it is possible to provide IPPV 
in a circle system in this way. The bag-in-a-bottle 
ventilator (Fig. 15.36) consists of a chamber with a 
tidal volume range of 0-1500 mL (adult mode) or 


FIGURE 15.35 
ventilator alarm. 


The Blease Manley MPS ventilator with 


FIGURE 15.36 


Blease bag-in-a-bottle ventilator. 


0-400 mL (paediatric mode) and ascending bellows 
which accommodate FGF. The control unit has con- 
trols, displays and alarms and these may include tidal 
volume, respiratory rate, inspiratory to expiratory 
(I:E) ratio, airway pressure and an on/off/standby 
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switch. Compressed air or oxygen is used as the 
driving gas. On entering the chamber, the com- 
pressed gas forces the bellows down, delivering the 
FGF within the bellows to the patient. The driving 
gas in the chamber and the FGF in the bellows re- 
main separate. 

The Penlon Nuffield 200 ventilator (Fig. 15.19) is 
an intermittent blower. It is a very versatile ventilator, 
which may be used in different age groups and using 
different breathing systems. The control unit con- 
sists of an airway pressure gauge (cmH,O), an on/off 
switch and controls to set inspiratory and expiratory 
time (seconds) and inspiratory flow rate (Ls). Below 
the control unit, there is a connection for the driving 
gas (oxygen or air) and the valve block. A small tube 
connects the valve block to an airway pressure moni- 
tor and to a ventilator alarm. The valve block consists 
of a port for tubing to connect to the breathing system 
reservoir bag mount (Bain system) or the ventilator 
port (ADE system), an exhaust port which can be con- 
nected to the scavenging system and a pressure relief 
valve which opens at 6-7 kPa. With this standard valve, 
the ventilator is a time-cycled flow generator. The valve 
block can be changed to a paediatric Newton valve and 
this then converts the ventilator to a time-cycled pres- 
sure generator. 

Older anaesthetic machine ventilators had a 
minimal number of controls, usually for minute 
volume, tidal volume, ventilator frequency and I:E 
ratio. The newer models resemble the critical care 
ventilators in the variable settings that are available. 
They perform self-tests which use dual processor 
technology when switched on, they have volume 
or pressure controlled ventilation modes, assisted 
spontaneous ventilation and electronically adjusted 
PEEP. They have sophisticated spirometry which 
compensates for factors such as leaks and patient 
compliance. They are suitable for a wider range of 
patients’ weight, and can deliver tidal volumes as 
low as 20mL. The ventilator in the Primus Drager 
(Fig. 15.2A) anaesthetic machine is an electroni- 
cally controlled piston ventilator, which provides 
several modes of ventilation including volume con- 
trol, pressure control, pressure support and volume 
mode autoflow. All these modes can be synchro- 
nized with patient effort and can have additional 
pressure support. 
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Transport Ventilators 


There are several types of ventilator available for use 
during the transport of critically ill patients, such as 
the Pneupac VR1 and the Oxylog. The Oxylog 3000 
(Fig. 15.37) and 3000Plus ventilators offer sophisti- 
cated ventilation in emergency situations and dur- 
ing transport. They are time-cycled, constant volume 
and pressure-controlled ventilators and deliver tidal 
volumes of 50mL or more. They incorporate various 
modes of ventilation suitable for critically ill patients 
including IPPV, synchronized intermittent manda- 
tory ventilation (SIMV) with adjustable pressure assist 
during spontaneous breathing, continuous positive 
airways pressure (CPAP) and biphasic positive airway 
pressure (BIPAP), apnoea ventilation for switching 
over automatically to volume-controlled ventilation if 
breathing stops, and non-invasive ventilation (NIV). 
Other features include monitoring of airway pressure 


FIGURE 15.37 ® Oxylog 3000 transport ventilator. 


and expiratory minute volume, integrated capnogra- 
phy and enhanced data connectivity. 

The characteristics of several common ventilators 
are summarized in Table 15.6. 


High-Frequency Ventilation 


High-frequency ventilation (HFV) may be defined as 
ventilation at a respiratory rate of greater than four 
times the resting respiratory rate of the subject. The 
different modes of HFV are shown in Table 15.7. 

Of the three types of HFV, high-frequency jet ven- 
tilation (HFJV) is the most commonly used. The tidal 
volume used in HFJV is small compared with conven- 
tional ventilation. This is delivered at high pressure 
(up to 5bar) through a cannula or catheter placed in 
the trachea. Inspiratory flow rates of up to 100 L min“ 
may be required. The inspiratory time is adjustable 
from 20% to 50% of the cycle. The mechanism by 
which HFV is able to maintain gas exchange is not 
clear. Typical values for adult ventilation are: 


m ventilation rate 100—150 cycles min™ 
m driving pressure 100-200 kPa 
m inspiratory cycle of 20-40%. 


HEJV is used during some operations on the lar- 
ynx, trachea or lung and in a small number of patients 
in the ICU. Gases should be humidified when using 
HEJV. Gas exchange may be unpredictable and the 
technique should not be used by the trainee without 
supervision. Figure 15.38 illustrates a type of ventilator 
used for HFJV. 


Venturi Injector Device 


The Venturi injector consists of a high-pressure oxygen 
source (at about 400kPa from either the anaesthetic 


TABLE 15.6 


Classification of Some Common Ventilators Used During Anaesthesia 


Cycling to Cycling to Pressure/Flow Minute Volume Volume 
Ventilator Driven by Expiration Inspiration Generator Divider Preset 
Manley MP3, MP5 Anaesthetic gases Time/volume Time Pressure Yes Yes 
Nuffield 200 Compressed air or oxygen Time Time Flow No No 
Bag-in-bottle Compressed air or oxygen Time Time Flow No Yes 
Oxylog 3000 Gas powered Time Time Flow No Yes 


transport ventilator 


TABLE 15.7 


Types of High-Frequency Ventilation 


Rate of Ventilation 


Type of Ventilation (Cycles min“) 
High-frequency positive pressure 60-100 
ventilation (HFPPV) 

High-frequency jet ventilation (HFJV) 100-400 
High-frequency oscillation ventilation 400-2400 


(HFOV) 


FIGURE 15.38 = Penlon Bromsgrove jet ventilator. 


FIGURE 15.39 


Manually controlled Venturi injector. 


machine or direct from a pipeline), on/off trigger and 
connection tubing that can withstand high pressure. 
The Manujet (Fig. 15.39) is a newer design of a Venturi 
injector device. It has a dial to alter the driving pressure 
to suit the size of patient from a neonate to an adult. 
This is connected to the side of a rigid bronchoscope, 
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FIGURE 15.40 
injector device. 


Cricothyroid cannula to use with a Venturi 


to a transtracheal catheter or to a cannula inserted 
through the cricothyroid membrane. The injector is 
controlled manually. A 14 gauge cannula or a specially 
designed cannula (Fig. 15.40) inserted through the cri- 
cothyroid membrane may be used to ventilate using 
the Venturi injector device. A Venturi effect is created 
which entrains atmospheric air and allows intermit- 
tent insufflation of the lungs with oxygen-enriched 
air at airway pressures of 2.5-3.0 kPa. It is used in op- 
erations on the larynx, trachea or lung. Possible com- 
plications include barotrauma, gastric distension and 
awareness if inadequate quantities of intravenous an- 
aesthetic drugs are administered. When Venturi injec- 
tor devices are employed, it is essential to ensure that 
gas is able to leave the lungs though the upper airway 
during expiration. 


SCAVENGING 


The possible adverse effects of pollution on staff in 
the operating theatre environment are discussed in 
Chapter 20. The principal sources of pollution by an- 
aesthetic gases and vapours include: 


m discharge of anaesthetic gases from ventilators 

m expired gas vented from the spill valve of anaes- 
thetic breathing systems 

m leaks from equipment, e.g. from an ill-fitting face 
mask 
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m gas exhaled by the patient after anaesthesia. This 
may occur in the operating theatre, corridors and 
recovery room 

m spillage during filling of vaporizers. 


Although most attention has centred on remov- 
ing gas from the expiratory ports of breathing systems 
and ventilators, other methods of reducing pollution 
should also be considered: 

Reduced use of anaesthetic gases and vapours. The 
use of the circle system reduces the potential for atmo- 
spheric pollution. The use of inhalational anaesthetics 
may be obviated totally by using total intravenous an- 
aesthesia or local anaesthetic techniques. 

Air conditioning. Air conditioning units which 
produce a rapid change of air in the operating theatre 
reduce pollution substantially. However, some systems 
recycle air, and older operating theatres, dental surger- 
ies and obstetric delivery suites may not be equipped 
with air conditioning. 

Care in filling vaporizers. Great care should be 
taken not to spill volatile anaesthetic agent when a va- 
porizer is filled. The use of agent-specific connections 
(Fig. 15.10) reduces the risk of spillage. In some coun- 
tries, vaporizers must be filled only in a portable fume 
cupboard. 


Scavenging Apparatus 


Anaesthetic gases vented from the breathing system 
are removed by a collecting system. A variety of 
purpose-built scavenging spill valves is available; an 
example of an adjustable pressure-limiting (APL) 
valve is shown in Figure 15.41. Waste gases from venti- 
lators are collected by attaching the scavenging system 
to the expiratory port of the ventilator. Connectors on 
scavenging systems have a diameter of 30mm to en- 
sure that inappropriate connections with anaesthetic 
apparatus cannot be made. 

Disposal systems may be active, semi-active or passive. 


Active Systems 


These employ apparatus to generate a negative pres- 
sure within the scavenging system to propel waste 
gases to the outside atmosphere. The system may be 
powered by a vacuum pump (Fig. 15.42) or a Venturi 
system (Fig. 15.43). The exhaust should be capable 
of accommodating 75 L min™ continuous flow with 


FIGURE 15.41 


An APL (adjustable pressure-limiting) valve 
with scavenging attachment. 


a peak of 130Lmin™'. Usually, a reservoir system 
(Fig 15.42B) is used to permit high peak flow rates 
to be accommodated. In addition, there must be a 
pressure-limiting device within the system to pre- 
vent the application of negative pressure to the pa- 
tient’s lungs. 


Semi-Active Systems 


The waste gases may be conducted to the extraction 
side of the air-conditioning system, which generates 
a small negative pressure within the scavenging tub- 
ing. These systems have variable performance and 
efficiency. 


Passive Systems 


These systems vent the expired gas to the outside 
atmosphere (Fig. 15.44). Gas movement is gener- 
ated by the patient. Consequently the total length of 
tubing must not be excessive or resistance to expira- 
tion is high. The pressure within the system may be 
altered by wind conditions at the external terminal; 
on occasions, these may generate a negative pressure, 
but may also generate high positive pressures. Each 
scavenging location should have a separate external 
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racecars . FIGURE 15.42 ™ An active scavenging system (A) and the 
reservoir assembly (B). 
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terminal to prevent gases being vented into adjacent 
locations. Relief valves must be incorporated to pre- 
vent negative or high positive pressures within the 
system. 

Irrespective of the type of disposal system, tubing 
used for scavenging must not be allowed to lie on the 
floor of the operating theatre, as compression (e.g. by 
feet or by items of equipment) results in increased re- 
sistance to expiration and may generate dangerously 
high pressure within the patient’s lungs. 


Venturi 


is 


Driving gas or 
compressed air 


To 
atmosphere 


From several 

anaesthetizing 
locations 
FIGURE 15.43 

anaesthetic gases. 


A Venturi system for active scavenging of 


Positive pressure 
relief valve set to 
1000 Pa 


Negative pressure 
relief valve set to 
minus 50 Pa 


RESERVOIR BAGS 


Reservoir bags are used in breathing systems. Their 
functions include: 


m serving as a reservoir of inspired gases 

m providing a means of manual ventilation of the 
lungs 

m serving as a visual or tactile observation to moni- 
tor the patient’s spontaneous respiration 

m protecting the patient from excessive pressure in 
the breathing system. 


The reservoir bag may accommodate an increase in 
pressure in the breathing system to a maximum of ap- 
proximately 50 cmH,O (5 kPa). 

The standard adult size is 2 L and the paediatric size 
is 0.5L. However, the size of reservoir bags may vary 
from 0.5 to 6L. 


LARYNGOSCOPES 


A laryngoscope consists of a blade which elevates the 
lower jaw and tongue, a light source near the tip of the 
blade to illuminate the larynx, and a handle to apply 
leverage to the blade. There are many forms of blade 
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FIGURE 15.44 


a 


The safety block provides positive 
and negative pressure relief. 

If it is near to the collecting system, 
additional positive relief at the 
collecting system is not required 


Reservoir bag 
(optional) 


A passive scavenging system. 


Curved Blade 


The most commonly used adult laryngoscope blade is 
the Macintosh curved blade, which is manufactured in 
several sizes (Figs 15.45, 15.46). 

The tip of the laryngoscope blade is advanced care- 
fully over the surface of the tongue until it reaches the 
vallecula (Ch 21, Fig. 21.3). The tip of the blade is ro- 
tated upwards and the laryngoscope lifted along the 
axis of the handle to lift the larynx; the incisor teeth 
must not be used as a fulcrum to lever the tip of the 
blade upwards. When the arytenoids and posterior 
part of the cords are seen, gentle pressure on the larynx 
using the right thumb, or provided by an assistant, may 
help to improve the view. Concerns have been raised 
about the possibility that multiple-use laryngoscopes 
may transfer between patients the prions thought to 
be responsible for causing variant Creutzfeldt—Jakob 
disease (vCJD), especially if used during surgery for 
tonsillectomy or adenoidectomy Therefore dispos- 
able laryngoscope blades are now used routinely. The 
quality of disposable laryngoscopes has improved 
enormously and is now indistinguishable from that of 
non-disposable devices. 


FIGURE 15.45 ™ A laryngoscope with the Macintosh adult blade. 
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FIGURE 15.46 © A selection of laryngoscope blades. 
From the top downwards: Macintosh adult blade, Miller 
adult blade, Soper infant blade, Wisconsin infant blade and 
Macintosh infant blade. 


Straight Blade 


Straight-bladed laryngoscopes are useful adjuncts in 
safe airway management. However, they are not always 
as easy to use as curved blades. The technique of la- 
ryngoscopy is slightly different when a straight-bladed 
laryngoscope is used (see Fig. 21.3). Instead of plac- 
ing the tip of the blade in the vallecula, it is advanced 
over the posterior border of the epiglottis, which is 
then lifted directly by the blade to provide a view of 
the larynx. This technique is useful particularly in ba- 
bies, in whom the epiglottis is rather floppy and may 
obscure the view of the larynx if a curved blade is 
used. However, bruising of the epiglottis is more likely 
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with a straight blade. The straight-bladed laryngo- 
scopes available include the Miller, Magill, Soper and 
Wisconsin ( 6) laryngoscopes. 


Light Source 


Most laryngoscopes are powered by batteries con- 
tained within the handle; these must be replaced 
regularly to prevent failure during laryngoscopy. On 
many older models of laryngoscope, the light source 
is a bulb which screws into a socket on the blade; a 
tight connection should be ensured before laryngo- 
scopy is attempted. It is usual for the electrical circuit 
between the batteries and the bulb to be closed by a 
switch which operates automatically when the blade is 
opened. However, the electrical contacts of the switch 
may become corroded, causing a reduction in power 
or total failure. Because of these potential problems, 
it is important that the function of the laryngoscope 
is checked carefully before use. It is also wise to have a 
spare functioning laryngoscope and a variety of blades 
available. Newer designs place the bulb in the handle 
and the light is transmitted to the blade by means of 
fibreoptics. 


Laryngoscope Handle 


The standard handle may result in difficult laryngo- 
scopy in obese patients, and in women with large 
breasts. Short handles are available for use in these 
situations ( ). The short handle has almost 


replaced the use of the Polio blade (F ) in ob- 
stetric practice. 
The McCoy laryngoscope ( A) is based 


on the standard Macintosh blade but has a hinged tip. 
This is operated by a lever mechanism attached to the 
handle. When the lever is pressed ( ), the tip 
of the blade bends forward and this improves the view 
of the larynx. 


Video Laryngoscopes 


Traditional direct laryngoscopy depends on achieving 
a straight line of vision to the patient’s larynx. This 
requires alignment of the oral, pharyngeal and laryn- 
geal axes. Videolaryngoscopes are a new class of la- 
ryngoscopes that have high resolution video cameras 
incorporated in the tip of a modified laryngoscope 
blade. The video image is relayed by either fibreoptic 
bundles, lenses or via cables to a dedicated LCD video 


FIGURE 15.47 = Short and standard laryngoscope handles. 


The Polio blade. 


FIGURE 15.48 


display. Videolaryngoscopy allows the operator to see 
around the corners as the transmitted image is the 
view obtained from the tip of the laryngoscope blade. 
Aligning the three axes (oral, pharyngeal and laryn- 
geal) and compression or distraction of tissues to 
achieve a line of sight are not required. With direct la- 
ryngoscopy, poor visualization of the glottic aperture 
is correlated with difficult intubation. The major dif- 
ference with videolaryngoscopy when compared with 
conventional direct laryngoscopy is that it may be 


FIGURE 15.49 
laryngoscope, demonstrating the hinged blade tip. 


(A) The McCoy laryngoscope. (B) The McCoy 


difficult to intubate the trachea despite a clear view of 
the glottis. Examples of videolaryngoscopes are those 
with a guiding channel such as the Pentax Airway 
scope and Airtraq (Fig. 15.50) and those without a 
guiding channel such as the Glidescope, McGrath and 
C-Mac (Fig. 15.51). The Venner AP Advance video- 
laryngoscope is a recent addition to the videolaryn- 
goscope market (Fig. 15.52) in which the standard 
blade does not have a channel but the difficult airway 
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FIGURE 15.50 
(right). 


The Airtraq (left) and Pentax Airway scope 


blade does. The Airtraq is fully disposable whereas the 
other videolaryngoscopes have disposable blades but 
a reusable main unit. The C-Mac requires sterilization 
between uses. 


Fibreoptic Laryngo/Bronchoscope 


The fibreoptic scope (Fig. 15.53) is an endoscope which 
is used to view the upper and lower airway through ei- 
ther the nose or the mouth. The principle of the fibre- 
optic system is that light from a powerful external light 
source is transmitted through a flexible instrument and 
an image of the area is returned to an eyepiece or cam- 
era. The fibres which transmit the light have a diameter 
of approximately 20 um and are made up of a central 
glass core coated with a thin layer of glass material with 
a lower refractive index. The light passing down the fi- 
bre is repeatedly reflected down the inner glass. 

The fibreoptic scope consists of a light source, a 
universal cord and light guide connector, a control 


298 15 ANAESTHETIC APPARATUS 


FIGURE 15. 51 


The C-Mac laryngoscope and monitor. 


unit, an eyepiece and an insertion tube. The light 
source (Fig. 15.54) is usually powered by mains 
electrical supply and contains either a xenon or a 
halogen lamp. The universal cord and light guide 
connector contain the light guide fibre bundle and 
transmits light from a light source to the fibreoptic 
bundle in the insertion tube. In some newer models, 
light is powered by a battery and this enables these 
scopes to be easily portable and be used in places 
outside the operating theatres, such as the emergency 
department. 

The control unit consists of an angulation control le- 
ver, suction port and biopsy port. The angulation lever 
controls the deflection of the tip of the scope. The suction 
port is for connecting to a suction pump but it can also 
be used for insufflation of oxygen. The biopsy channel 
can be used for taking biopsy specimens but it can also 
be used to attach a syringe to instil local anaesthetic into 
the airway. 


FIGURE 15.52 ™ Venner AP Advance laryngoscope. 


FIGURE 15.53 = The fibreoptic intubating laryngoscope 
which consists of a control unit, insertion cord and a connec- 
tor for a light guide. 


The eyepiece consists of the viewing lens and the 
dioptre adjustment ring. A camera can be attached to 
the eyepiece either to take photographs or to transmit 
the pictures to a television monitor (Figs 15.54 and 


as 


FIGURE 15.54 


The light source and a camera system for 
the fibreoptic intubating laryngoscope. 


). A disposable fibreoptic scope (Ambuscope) is 
now available (F 

The insertion tube contains two optical fibre bun- 
dles: the light guide and the image guide. The fibres 
transmitting light (light guide) are arranged in a ran- 
dom fashion but those returning the image (image 
guide) are precisely located relative to each other. The 
insertion tube also contains the suction channel and 
the biopsy channel. At the distal end of each optical 
fibre, there is a lens. The size of the insertion tube var- 
ies from 1.8 to 6.4mm to fit inside tracheal tubes of 
internal diameter 3.0-7.0 mm. 

Most anaesthetists who use the fibreoptic scope 
now attach a camera to the eyepiece and view the air- 
way on a television monitor. The use of a camera and 
TV monitor has been demonstrated to enhance the 
speed with which anaesthetists can be taught fibre- 
optic endoscopy skills. 


TRACHEAL TUBES 


Most tracheal tubes are constructed of red rubber, sili- 
cone rubber or plastic. Red rubber tubes are reusable, 
although they may start to show signs of deterioration 
after 2-3 years. Today, disposable plastic tubes are the 
preferred choice (F 5) as they eliminate the need 
to collect, clean, sterilize and check tubes after use. 
Plastic tubes are presented in a sterile pack and should 
be cut to an appropriate length before use. The plastic 
disposable tubes have a cuff and a pilot balloon with 
a self-sealing valve. The cuff may be inflated with air, 
nitrous oxide or saline. The internal diameter of the 
tube is marked on the side of the tube in millimetres 
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FIGURE 15.55 


(A) The television monitor, camera system 
and light source used with the intubating fibreoptic scope. 
(B) The Ambuscope - a disposable fibreoptic scope. 
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FIGURE 15.56 = 8- and 9-mm internal diameter plastic dis- 
posable tracheal tubes. 


and the length of the tube is marked along the length 
of the tube in centimetres. The tube also has a radio- 
opaque line running along its length. This enables the 
position of the tube to be determined on a chest X-ray. 

Some tracheal tubes contain latex and must not be 
used in patients who have a history of latex allergy. 
Silicone rubber is increasingly being used in the man- 
ufacture of tracheal tubes. These are more expensive 
than the plastic tubes but they may be sterilized and 
re-used. They are softer than red rubber or plastic en- 
dotracheal tubes and they are non-irritant. 


Tube Size 


In adults, there is little to be gained in the way of re- 
duced resistance to breathing by selecting a tube larger 
than 8.0 mm internal diameter. However, it is common 
to use a tube of 8.0-9.0 mm internal diameter for male 
and 7.0-8.0 mm for female adults. Tubes of wide dia- 
meter may exert pressure on the laryngeal cords after 
insertion. Appropriate sizes of tracheal tubes for chil- 
dren are shown in Appendix B (IX). 


Plain Tubes 


Uncuffed tubes are used in children (Fig. 15.57). A cuff 
is unnecessary to secure an airtight fit if the correct 
diameter of tube is selected, because the narrowest part 
of the airway is in the trachea at the level of the cricoid 
cartilage. However, the larynx is the narrowest part of 
the airway in the adult and a leak occurs if an uncuffed 
tube is used; in addition, there is a risk of aspiration of 


FIGURE 15.57 


Paediatric uncuffed plastic tracheal tubes. 


fluid from the pharynx into the trachea. Nasotracheal 
intubation is less traumatic if an uncuffed tube is used. 
The incidence of sore throat is not influenced by the 
presence of a cuff on the tracheal tube. 


Cuffed Tubes 


It is usual to use a cuffed tube whenever tracheal in- 
tubation is required in the adult. It is mandatory if 
IPPV is to be used or if there is a risk of blood, pus 
or gastric fluid entering the pharynx. Tracheal tubes 
with a streamlined cuff are available and are suitable 
for nasotracheal intubation. 


Cuff Volume 


Tracheal tube cuffs may be either low-volume/high- 
pressure or high-volume/low-pressure. A tube with a 
low-volume cuff may require inflation to a high pres- 
sure to effect a seal within the trachea. The pressure 
within a low-volume cuff does not necessarily relate to 
the pressure exerted by the cuff on the tracheal mucosa. 
However, a high pressure may be exerted on the mu- 
cosa if the cuff is overinflated. This may occur inadver- 
tently during anaesthesia because nitrous oxide diffuses 
through some types of plastic. Some anaesthetists in- 
flate the cuff with an oxygen/nitrous oxide mixture to 
obviate this problem. Alternatively, the cuff volume 
may be readjusted after 10-15 min of anaesthesia. 

High-volume/low-pressure (‘floppy’) cuffs cover a 
larger area of tracheal wall and may effect a seal with 
less pressure exerted on the mucosa. However, they 
may cause more trauma during insertion and may be- 
come puckered in a relatively small trachea. 


Herniation of an overinflated cuff may occlude the 
distal end of the tracheal tube and cause partial or total 
airway obstruction. 


Shape of Tube 


In most centres, a curved tracheal tube is used. These 
should be cut to the correct length as there is a risk of 
accidental intubation of a bronchus (usually the right 
main bronchus) if the tip is inserted too far. Some plas- 
tic tracheal tubes are preformed in shapes which either 
fit the pharyngeal contour or carry the proximal end 
of the tube away from the mouth (Fig. 15.58); the lat- 
ter design is useful when surgery on the face or head 
is planned. The RAE (Ring, Adair and Elwyn) tubes 
have preformed curves and they can be used either 
orally or nasally (Fig. 15.59). RAE tubes may be cuffed 


FIGURE 15.58 Preformed north-facing nasotracheal tube. 


> 


FIGURE 15.59 = Preformed RAE disposable plastic tracheal 
tubes: the uncuffed paediatric tube and the cuffed adult tube. 
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or uncuffed. Care should be taken not to insert these 
preformed tubes too far as there is a risk of bronchial 
intubation. 


Specialized Tubes 


An armoured latex tube is useful if there is a danger 
of the tube kinking during surgery; a nylon spiral is 
incorporated in the wall of the tube and prevents oblit- 
eration of the lumen. Alternatively, a reinforced flexo- 
metallic tube, with a metal spiral in the wall, may be 
used. These tubes are very floppy and a wire stilette is 
required for their insertion. 

Reinforced flexometallic tubes are available in ei- 
ther uncuffed paediatric sizes or cuffed adult sizes 
(Fig. 15.60). These tracheal tubes are long and cannot be 
shortened because they have a fixed tracheal tube con- 
nector. Therefore, when inserting them into the trachea, 
care should be taken to avoid bronchial intubation. The 
adult cuffed tubes have two black rings and the paedi- 
atric uncuffed tubes have a black line at the distal end. 
These give guidance as to where the vocal cords should 
be, in order to avoid bronchial intubation. 

A flexible metal tube (Fig. 15.61) may be used dur- 
ing procedures that require the use of lasers in the 
airway; plastic tubes may ignite if struck by the la- 
ser beam. Some designs have two cuffs. This ensures 
a tracheal seal if the upper cuff is damaged by laser. 
An air-filled cuff may ignite if it is hit by a laser beam. 
Therefore it is recommended that the cuffs are filled 
with saline instead of air. 


FIGURE 15.60 ™ The reinforced tracheal tube - the paediatric 
uncuffed and adult cuffed tubes. 
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FIGURE 15.61 Flexible metal tube suitable for use during 
laser surgery to the airway. 


FIGURE 15.62 


The distal ends of a Parker (upper) and a 
conventional bevelled tracheal tube. 


The Parker tube (Fig. 15.62) has a curved bevel on 
the inner curvature of the tube. The bevel therefore 
lies on the anterior aspect of the tube during inser- 
tion. The manufacturer claims that it is less likely than 
the conventional tube to cause trauma to the larynx or 
trachea, particularly during insertion over a bougie or 
fibreoptic laryngoscope. 

Double-lumen endobronchial tubes are used during 
thoracic surgery when there is a need for one lung to 
be deflated. They allow selective deflation of one lung 
whilst maintaining ventilation of the other lung. The 
older Robertshaw double-lumen tubes are made of 
red rubber and are therefore reusable. The disposable 
Bronchocath double-lumen tubes (Fig. 15.63), which 
are made of plastic, are used more commonly now. 


FIGURE 15.63 Bronchocath double-lumen endobron- 
chial tube with catheter mount. 


FIGURE 15.64 


Laryngectomy tube. 


Laryngectomy tubes (Fig. 15.64) are designed to be 
inserted through a tracheostomy into the trachea to 
maintain the airway during surgery for laryngectomy. 
Because of its shape, the connection to the breathing 
system is some distance away from the surgical field 
and this gives the surgeon a relatively clear field in 
which to operate. 

A microlaryngeal tube is a small tube (usually 5mm 
internal diameter) with an adult-sized cuff which is 
used during surgery on the larynx. It allows better sur- 
gical access to the larynx. 


Tracheostomy Tubes 


There are many types of tracheostomy tube. They may 
be cuffed or uncuffed. The proximal end of a tracheos- 
tomy tube has a standard 15-mm connector and there 
are two wings with slots to which the securing tape is 
attached (Fig. 15.65). Tracheostomy tubes have a re- 
placeable inner cannula which facilitates insertion and 
is removed once the tracheostomy tube is in place. 


io 


FIGURE 15.65 ™ Tracheostomy tubes. Adult cuffed (7.0 mm 
internal diameter) and paediatric Shiley uncuffed tubes with 
the replaceable inner cannulae. 


The fenestrated tracheostomy tube has a hole (fen- 
estration) along its greater curvature. This allows the 
patient to speak by directing some of the air past the 
vocal cords. 

Silver tracheostomy tubes are used in many pa- 
tients who require long-term intubation. They have 
an inner tube which may be removed for clean- 
ing. Some designs have a one-way flap valve to al- 
low the patient to speak. Silver is non-irritant and 
bactericidal. 


Cricothyroidotomy Devices 


Cricothyroidotomy is the creation of an opening in 
the cricothyroid membrane in order to gain access to 
the airway either as an elective prophylactic cricothy- 
roidotomy in an anticipated difficult airway or in an 
emergency ‘can’t intubate and can’t ventilate’ (CICV) 
scenario (see Ch 22). Cricothyroidotomy can be car- 
ried out using either a small cannula (Fig. 15.40), 
large bore cannula (4mm or larger internal diameter) 
or surgically using a tracheostomy tube (6mm or 
greater). There are several types of large bore can- 
nulae available. The cuffed or uncuffed Melker kit 
(Fig. 15.66) uses a Seldinger technique. The cuffed or 
uncuffed VBM Quicktrach (Fig. 15.67) is a rigid pre- 
assembled cannula-over-needle device that is inserted 
as a single step procedure. The cuffed Portex crico- 
thyroidotomy kit is also a rigid cannula-over-needle 
device, which is packaged as a pre-assembled kit with 
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FIGURE 15.66 = Melker cricothyroidotomy set. 


FIGURE 15.67 ™ Quicktrach cricothyroidotomy set. 


a scalpel and syringe (Fig. 15.68). It has a spring- 
loaded Veress needle with a blunt stilette. The Portex 
Minitrach II is a wire-guided kit which provides an 
uncuffed 4-mm airway through the cricothyroid 
membrane. It is designed for tracheal suction and not 
for an emergency situation because it is not easy to 
insert quickly. 


Connections 
Catheter Mount 


This is a flexible link between the breathing system and 
a tracheal tube, laryngeal mask airway, face mask or 
tracheostomy tube (Fig. 15.69). It may be made of rub- 
ber or plastic and some have a gas sampling port. The 
proximal end, which attaches to the breathing system, 
has a standard 22-mm connection and the distal end 
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FIGURE 15.68 ™ Portex cricothyroidotomy kit. 


CII 


FIGURE 15.69 ™ A disposable catheter mount to connect 
the tracheal tube to the breathing system (top). A disposable 
angle piece to connect a face mask or tracheal tube to the 
breathing system (bottom). 


is a 15-mm connector. The length of catheter mounts 
varies from 45 to 170mm. 


Tracheal Tube Connectors 

Disposable 15-mm diameter connectors are pro- 
vided with plastic disposable tubes; the diameter 
of the distal end is of an appropriate size to fit the 
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FIGURE 15.70 ™ A variety of new and old tracheal tube con- 


nectors. From top left in clockwise rotation: Portex with 15-mm 
tracheal tube connector, Nosworthy, Knight’s paediatric con- 
nector, Cobbs, Rowbotham, Magill oral, Magill nasal. 


internal diameter of the tube. Several older connec- 
tions (Fig. 15.70) have been used with plastic or rub- 
ber tracheal tubes. 


Angle Pieces 


These are connectors which fit between the breath- 
ing system and the tracheal tube or mask (Fig. 15.69). 
They incorporate a 90° bend and have either 15- or 
22-mm connectors at each end. Some angle pieces 
have a condenser humidifier, bacterial filter and a port 
for gas sampling incorporated into them (Fig. 15.30). 


PROTECTING THE BREATHING 
SYSTEM IN ANAESTHESIA 


Following recent fatal incidents in which anaesthetic 
tubing became blocked, the UK Department of Health 
has made recommendations to minimize the risk of 
recurrence. The recommendations include training 
and increasing awareness of the potential problem 
of anaesthetic tubing becoming blocked accidentally, 
and protecting vulnerable components of the breath- 
ing system by keeping the components individually 
wrapped until use. The Department of Health re- 
commends the use of the Association of Anaesthetists 
of Great Britain and Ireland (AAGBI) document 
‘Checking anaesthetic equipment and that all trainees 
should be trained in the correct procedure for check- 
ing anaesthetic equipment. 


SUPRAGLOTTIC AIRWAY DEVICES 
(SADs) 


Supraglottic airway devices (SADs) can be divided into 
two types. The first generation includes the classic la- 
ryngeal mask airway (LMA), flexible LMA and all the 
single-use LMAs. The second generation SADs include 
the I-gel, Pro-seal LMA and the Supreme LMA which 
are designed with a drainage tube to reduce aspiration, 
have an integral bite block and have increased airway 
seal to enable positive pressure ventilation to take place. 


The Classic LMA (cLMA) 


This device consists of a shortened conventional sili- 
cone tube with an elliptical cuff, inflated through a 
pilot tube, attached to the distal end (Fig. 15.71). The 
cuff, which resembles a miniature face mask, has been 
designed to form a relatively airtight seal around the 
posterior perimeter of the larynx (Fig. 15.72). A va- 
riety of sizes of cuff is available, ranging from size 1 
which is used in the neonate to size 5 which is used in 
large adults. The mask is inserted and the cuff inflated 
until no air leak is detected. It is important to ensure 
that the maximum inflation volume is not exceeded 
(Table 15.8). The device is very effective in maintaining 
a patent airway in the spontaneously breathing patient. 
Positive pressure ventilation may be applied if neces- 
sary. The mask is not suitable for patients who are at 
risk from regurgitation of gastric contents (emergency 
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FIGURE 15.71 Ħ Laryngeal mask airways (LMAs). A paediat- 
ric size 2 mask, an adult size 4 mask and a size 3 reinforced LMA. 
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FIGURE 15.72 © A laryngeal mask airway in situ. 


surgery, hiatus hernia or history of reflux, and obesity) 
and should be used with caution if pharyngeal soiling 
is anticipated. 

The flexible LMA differs from the standard LMA in 
that it has a flexible, wire reinforced tube. The size of 
the cuff is similar to that of the standard LMA but the 
tube is longer and narrower and therefore offers more 
resistance to breathing (Fig. 15.71). Because of the wire 
in the tube, it is unsuitable for use in the MRI unit. 
The classic LMA is reusable up to 40 times. However, 
a large selection of disposable LMAs manufactured by 
different companies is available and these are now used 
more commonly. 


Second Generation SADs 


The Proseal LMA is a reusable LMA which has a drain 
tube, a posterior inflatable cuff, reinforced airway 
tube, integral bite block and an introducer (Fig.15. 73). 
The distal end must sit in the oesophageal inlet to en- 
sure best performance. The drainage tube vents any 
gas leaking into the oesophagus as well as any fluid 
if regurgitation occurs and it can be used to insert 
an orogastric tube. The increased oesophageal and 
pharyngeal seal allows positive pressure ventilation 
to take place. The Pro-seal LMA is reusable up to 
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TABLE 15.8 


Characteristics of Laryngeal Mask Airways (LMAs) 


Largest Size (mm) of 
Tracheal Tube 


Size of LMA Length of LMA (cm) Size of Patient Volume of Cuff (mL) that Fits into the LMA 
1 8 Neonates and infants up to 6.5kg Up to 4 3.5 
1.5 0 Infants 5-10 kg Up to 7 4.0 
2 1 Infants and children 10-20 kg Up to 10 4.5 
2.5 2.5 Children 20-30 kg Up to 14 5.0 
3 6 Children and small adults 30-50 kg Up to 20 6.0 
4 6 Normal adults 50-70 kg Up to 30 6.0 
5 8 Large adults >70kg Up to 40 7.0 
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FIGURE 15.73 


40 times and all its components are latex-free. It can 
be mounted on an introducer (Fig. 15.73B) which fa- 
cilitates the insertion of the LMA Pro-seal into the 
patients mouth. The I-gel (Fig. 15.74) is a new single 
use SAD with a non-inflatable ‘cuff’ made of a soft 
thermoplastic elastomer. The ‘cuff? is a preformed 
soft mould, which fits into the perilaryngeal struc- 
tures. It has a narrow bore oesophageal drain tube, 
a short wide bore airway tube and an integral bite 
block. Both the Proseal and the I-gel come in adult 
and paediatric sizes. The Supreme LMA (SLMA) 
(Fig. 15.75) is the newest of the second generation 
SADs and it is sometimes described as a ‘single use 
Pro-seal LMA. However, in reality, it has features of 
the Pro-seal LMA and the intubating LMA (ILMA). 
Its features include a large inflatable plastic cuff but 
no posterior cuff found in the Pro-seal LMA, an oe- 
sophageal drain tube, a preformed semi-rigid tube, 
an integral bite block and fins in the mask bowl to 


(A) The LMA Pro-seal. (B) The LMA Pro-seal mounted on the LMA Pro-seal introducer. 


FIGURE 15.74 


The I-gel supraglottic device - sizes 1-5. 


prevent epiglottic obstruction. It is made of PVC. 
Unlike a Pro-seal LMA, the SLMA does not require 
an introducer for insertion. 


FIGURE 15.75 


Supreme LMA. 


The Intubating LMA 


The intubating LMA (ILMA) is an advanced form of 
the standard LMA (Fig. 15.76). It has a shorter tube 
and a metal handle. The handle permits single-handed 
insertion without moving the head and neck and 
without placing fingers in the mouth. It may be passed 
through an interdental gap as narrow as 20mm. The 
mask floor has an elevating bar which replaces the two 
bars in the standard LMA. The caudal end of the bar 
is not fixed to the mask floor and this allows a tracheal 
tube to be passed in order to intubate the trachea. 
The ILMA is available in sizes 3, 4 and 5. The recom- 
mended cuff volumes are similar to the correspond- 
ing sizes of the standard LMA. The rigid curved airway 
has a standard 15-mm connector at the proximal end. 


OTHER APPARATUS 307 


FIGURE 15.76 ™ An intubating laryngeal mask airway 
(ILMA) with the silicone tracheal tube and the introducer. 


FIGURE 15.77 LMA C-Trach with monitor attached. 
The tube is wide enough to allow passage of a cuffed 
8-mm tracheal tube. The ILMA is a reusable device 
which may be cleaned and sterilized up to 40 times but 
a single use version is now available. 

The C-Trach LMA (Fig. 15.77) is a variant of the 
ILMA with fibreoptic components integrated into the 
device to allow direct vision at intubation. It has a digi- 
tal screen with a light source and digital camera. The 
lens lies behind the epiglottis elevator bar (EEB) and 
captures the image from the front of the mask aper- 
ture. The image is transmitted to the viewing screen. 


OTHER APPARATUS 


Face Masks 


These are designed to fit the face perfectly so that 
no leak of gas occurs, but without applying exces- 
sive pressure to the skin. An appropriate size of face 
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mask must be selected to ensure a proper fit, but the 
smallest size possible should be used to minimize dead 
space. Disposable masks made of transparent material 
are available (Fig. 15.78). These allow the detection of 
vomitus or secretions. 

A harness system (e.g. Clausen harness) is used by 
some anaesthetists to hold the mask on the face dur- 
ing surgery. However, airway obstruction may occur at 
any time and the excursion of the reservoir bag must 
be observed constantly. In many countries, the LMA is 
now used during maintenance of anaesthesia in almost 
all situations in which a face mask was formerly used. 


Intubating Forceps 


The most commonly used intubating forceps are those 
designed by Magill (Fig. 15.79A). The instrument is 
employed to manipulate a nasotracheal or nasogas- 
tric tube through the oropharynx and into the correct 
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FIGURE 15.78 
(right) face masks. 


Sizes 1 and 5 reusable (left) and disposable 


FIGURE 15.79 Ħ Magill intubating forceps (above). The 
Ferguson mouth gag (below). 


position. A laryngoscope is used to obtain a view of the 
oropharynx. 


Laryngeal Spray 

These are used to deposit a fine mist of local anaes- 
thetic solution (usually lidocaine 4% or 10%) on the 
mucosa of the larynx and upper trachea (Fig. 15.80A 
and B). These sprays are particularly useful in ap- 
plying local anaesthetic to the upper airway during 
awake fibreoptic intubation. The mucosal atomiza- 
tion device (MAD) is a single use atomizer which 
comes in two shapes, the oral and the nasal atomizer 
(Fig. 15.80B). 


Mouth Gag 


A mouth gag (Fig. 15.79B) may be used during dental 
anaesthesia and is required occasionally to open the 
mouth in patients with trismus, or if masseter spasm 
is present. It is positioned between the molar teeth and 
must be used with great care to avoid dental trauma. 


FIGURE 15.80 


Laryngeal sprays. (A) Forrester spray and 
the 10% lidocaine prefilled laryngeal spray. (B) The mucosal 
atomizing device (MAD). 


Bougie 

If the larynx cannot be seen adequately during laryn- 
goscopy, or if the tracheal tube cannot be manoeuvred 
into the laryngeal inlet, a bougie may be used as an 
aid to tracheal intubation. The lubricated bougie is 
inserted into the trachea to act as a guide for the tra- 
cheal tube. The tube should be rotated so that the bevel 
does not become lodged against the aryepiglottic fold. 
In a difficult intubation scenario, the correct type of 
bougie should be used (Fig. 15.81). The bougie with a 
curved tip at the end is designed to assist in this situa- 
tion whereas the straight-ended bougie is intended for 
endotracheal tube exchange only. Disposable bougies 
are now available but their efficacy over the reusable 
ones is yet to be demonstrated. The Eschmann (gum 
elastic) multiple-use bougie has the highest success 
rate, least likelihood of causing trauma and has reli- 
able and clinically tested signs of confirmation of tra- 
cheal placement when compared with either the Frova 
single-use intubation introducer or the Portex single- 
use introducer. 


Stilettes 


A malleable metal stilette may be used to adjust the 
degree of curvature of a tracheal tube as an aid to its 
insertion. The stilette must not protrude from the dis- 
tal end of the tube. 


The Aintree Intubating Catheter (AIC) 


This is a 56-cm hollow catheter with special adapt- 
ers that connect to either a 15-mm connector for 
use with conventional anaesthetic circuits or a Luer 
lock for use with a jet ventilator (Fig. 15.82). The 
catheter has an internal diameter of 4.8mm which 
allows it to be preloaded over a fibreoptic scope. 
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FIGURE 15.81 ™ The straight-ended multiple-use bougie 
(above) and the angled-end multiple-use bougie (below). 
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FIGURE 15.82 =E Aintree Intubating Catheter (AIC). 


The AIC is used for LMA-assisted orotracheal 
fibreoptic intubation. However, it should not be 
used without prior training as failure to follow the 
correct instructions can result in serious morbidity 
or mortality. 


Airways 

An oropharyngeal airway (Guedel airway, Fig. 15.83) 
may be required to prevent obstruction caused by 
the tongue or collapse of the pharynx in the patient 
without a tracheal tube. A nasopharyngeal airway 
(Fig. 15.83) is tolerated better during light anaesthe- 
sia and may also be used if it is difficult to insert an 
oropharyngeal airway, e.g. trismus. However, the use 
of nasopharyngeal airways may be associated with sig- 
nificant bleeding from the nose. 


FIGURE 15.83 
airways. 


A nasopharyngeal airway (left) and Guedel 
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Suction Apparatus 


Suction apparatus is vital during anaesthesia and re- 
suscitation to clear the airway of any mucus, blood or 
debris. It is also used during surgery to clear the oper- 
ating field of either blood or fluid. 

Suction apparatus consists of a source of vacuum, a 
suction unit and suction tubing. The source of vacuum 
can be either piped vacuum or electrically or manually 
operated units. Piped vacuum is the most commonly 
used source in many operating theatres. 

The suction unit consists of a reservoir jar, bacterial 
filter, vacuum control regulator and a vacuum gauge 
(Fig. 15.84). The reservoir jar is graduated so that the 
volume of aspirate may be estimated. It contains a 
cut-off valve. The cut-off valve has a float that rises as 
the fluid level increases and shuts off the valve when 
the reservoir jar is full. This prevents liquid from the 
suction jar entering the suction system. There is a bac- 
terial filter between the cut-off valve and the suction 
control unit to prevent air that has been contaminated 
during passage through the apparatus infecting the at- 
mosphere when it is blown out. The filter also traps 
any particulate or nebulized matter. Filters should be 
changed at regular intervals. 

The vacuum regulator adjusts the degree of vac- 
uum. The vacuum is indicated on the pressure gauge. 
This is normally marked inmmHg orkPa. The needle 
on the gauge goes in an anticlockwise direction as the 
vacuum increases. Suction units can achieve flows of 


FIGURE 15.84 ™ Suction apparatus. 


FIGURE 15.85 Yankauer suction catheters. Paediatric 
(above) and adult apparatus. 


greater than 25 Lmin™ and a vacuum of greater than 
67kPa. However, flows and vacuum as high as these 
are seldom necessary and can cause harm if used inap- 
propriately, particularly in children. 

The suction reservoir jar is connected to the patient 
via a suction tubing and either a Yankauer hand piece 
(Fig. 15.85) or suction catheters. 


Head-Elevating Laryngoscopy Position 
Devices 


Many studies have been conducted over the last 
ten years investigating the effect of a head-elevated po- 
sition or ramping on laryngeal view. An imaginary line 
drawn between the patient’s sternal notch should be 
in line with the auditory meatus in order to maximize 
the laryngeal view. Ramping or the head-elevated la- 
ryngoscopy position has been shown to improve the 
laryngeal view, particularly in obese patients. This has 
led to the development of devices such as the Oxford 
Head-Elevating Laryngoscopy Pillow (Oxford HELP) 
(Fig. 15.86). This device can be inserted and removed 
much faster and with less difficulty than using stan- 
dard hospital pillows. 


DECONTAMINATION OF 
ANAESTHETIC EQUIPMENT 


Anaesthetic equipment is a potential vector for trans- 
mission of diseases between patients. Concerns have 
been raised about the possibility that multiple-use 
devices may transfer blood-borne infections between 
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The Oxford Head-Elevating Laryngoscopy 
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FIGURE 15.86 
Pillow (HELP). 


patients and there is also the possibility of transfer of 
the prions thought to be responsible for causing vari- 
ant Creutzfeldt-Jakob disease (vCJD). The guidelines 
of the AAGBI state that single-use, disposable anaes- 
thetic equipment should always be used when possible. 
For reusable anaesthetic equipment, compliance with 
local hospital control policies and awareness of decon- 
tamination practices are important in minimizing the 
risk of cross-infection. Anaesthetic equipment such as 
breathing systems, laryngoscopes and fibreoptic en- 
doscopes are classified as semi-critical items because 
they come in contact with mucous membranes and 
non-intact skin but do not ordinarily break the blood 
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barrier. They present an intermediate risk of transmit- 
ting infection. It is therefore recommended that these 
should have a high level of disinfection. High concen- 
trations of disinfectants such as glutaraldehyde, stabi- 
lized hydrogen peroxide, peracetic acid, chlorine and 
chlorine-releasing compounds should be used. 
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T he ability to measure and monitor the physiology 
of patients is fundamental to modern anaesthesia. 
The anaesthetist is responsible for the correct use of 
sophisticated instruments which extend clinical obser- 
vations beyond the human senses and enhance patient 
care. This requires vigilance and awareness of the limi- 
tations of the processes of measurement and the many 
causes of error. Uncritical acceptance of the recordings 
of monitoring equipment in the face of contradictory 
evidence is a common mistake. Unreliable measure- 
ments that are taken at face value and used to change 
patient management compromise the safety and ef- 
fectiveness of care. It is essential that those who use 
monitors understand their limitations and are able to 
justify their risks. 

Clinical measurement is limited by four major 
constraints: 


= Feasibility of measurement. The sensitivity and 
inherent variability of a clinical measurement 
depend on complex interactions and technical 
difficulties at the biological interface between the 
patient and the instrument. 

m Reliability of measurements is determined by the 
properties of the measurement system. This is in- 
fluenced by the calibration and correct use of the 
instrument. Simple examples include the correct 
placement of ECG electrodes, or the appropriate 
size of cuff for non-invasive measurement of ar- 
terial pressure. Delicate equipment, e.g. a blood 
gas analyser, requires regular maintenance and 
calibration. 

= Interpretation depends on the critical faculties of 
the anaesthetist who interprets the significance 
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of measurements in the context of complex 
physiological systems. Arterial pressure may be 
within the normal range despite severe hypo- 
volaemia or derangement of cardiovascular 
function within the limits of physiological com- 
pensation. Global measurements of end-tidal 
carbon dioxide tension or oxygen saturation are 
influenced by many factors in a highly complex 
system. More information is required to deduce 
the cause of a change in the measurement. 

m Value of clinical measurements in patient care 
is defined by the role of a measurement in im- 
proving patient care. This includes the ease, con- 
venience, continuity and usefulness of a clinical 
measurement, and evidence of improvement in 
patient safety and clinical outcome. 


Monitoring is the process by which clinical mea- 
surements are assessed and used to direct therapy. 
In general, monitors consist of four components 
(Table 16.1): (1) a device which connects to the 
patient — this may either be a direct attachment or via 
a tube or lead; (2) a measuring device, often a trans- 
ducer which converts the properties of the patient into 
an electrical signal; (3) a computer which may amplify 


TABLE 16.1 


Four Components of a Monitor 
Connection to patient 


Measuring device 


Electronic filter/amplifier 


Display 


the signal, filter it and integrate it with other variables 
to produce a variety of derived variables; (4) a display 
which may show the results as a wave, a number or a 
combination. It is important to appreciate that most 
monitors do not directly measure the displayed vari- 
able, and that the displayed variable may not reflect 
physiological function. For example, an electrocar- 
diograph (ECG) does not measure cardiac function 
and therefore a normal ECG trace does not guarantee 
that the heart is pumping effectively. When interpret- 
ing measurements, the following questions should be 
asked: 

= What is being measured? In the case of arterial 
pressure, there is an obvious answer. However, 
in some cases, for example ‘depth of anaesthesia’, 
it may not be clear what the monitor is measur- 
ing. In addition, many monitors use data from 
a variety of sources. For example, heart rate is 
usually derived from the ECG. However, if the 
ECG fails to provide the data required, the mon- 
itor often switches automatically to a rate from 
either a pulse oximeter or an arterial pressure 
waveform. Thus, the displayed value may change 
rapidly despite the patient remaining stable. 

= How is it measured? Arterial pressure is often 
measured by either a transducer attached to an 
arterial cannula or an automated oscillometer. 
Although a transducer is often regarded as the 
more accurate, the readings must be compared 
with the preoperative values recorded on the 
ward, usually with an oscillometer. Therefore, 
where accurate control of arterial pressure is es- 
sential, it is advisable to start invasive pressure 
monitoring before anaesthesia to avoid any con- 
fusion with non-invasive measures. 

m Is the environment appropriate? Many monitors 
have been designed for use in operating theatres 
and do not function correctly if exposed to the 
cold and vibration, for example in an ambu- 
lance or helicopter. Another example is the strong 
magnetic field produced by magnetic resonance 
imaging (MRI) scanners. The electrical currents 
induced may damage not only incompatible mon- 
itors but even produce burns to a patient’s skin. 

m Is the patient appropriate? Monitors designed for 
adult use often fail to produce reliable readings 
when used on small children. Particularly obese 
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adults may require a large blood pressure cuff, 
and poor-quality ECG readings may be obtained. 
= Has the monitor been applied to the correct part of 
the patient? For example, in aortic coarctation, ar- 
terial pressure may be markedly different in each 
arm. Pulse oximeters also fail to work reliably if 
placed on a limb distal to a blood pressure cuff. 

m Is the variable within the range of the monitor? 
Most monitors are validated on healthy patients 
in laboratories. Whether such monitors continue 
to provide accurate results during the extreme 
physiological changes of, for example, anaphy- 
laxis is uncertain. This does imply that the useful- 
ness of monitors declines with the health of the 
patient: that is, they are least reliable when needed 
most. In most cases of acute perioperative patient 
deterioration, additional monitoring is needed. 

m Has the monitor been checked, serviced and cali- 
brated at the correct intervals? To reduce costs, de- 
partments may re-use single-use equipment and 
fail to ensure that service checks are carried out. All 
equipment should be tagged with a service sticker. 
This should identify the date serviced, when the 
next service is due and who to contact in case of 
malfunction. Equipment which has not been ser- 
viced or is past its service date should not be used. 


Table 16.2 shows the checks which the anaesthetist 
should follow before using a patient monitor. 

This chapter describes the feasibility and reliability 
of clinical measurements relevant to anaesthetic prac- 
tice, and how such measurements are used to monitor 
the patient’s physiology. 


TABLE 16.2 


Premonitoring Checks 


What is being measured? 


What method is being used? 


Has the monitor been serviced and calibrated? 


Is the environment appropriate? 


Is the patient appropriate? 


Is it attached to the appropriate part of the patient? 


Is the range appropriate? 


Can the display be read? 


Are the alarms on and have the limits been set? 
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PROCESS OF CLINICAL 
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Stages of Clinical Measurement 


There are four stages of clinical measurement: 


m detection of the biological signal, by a sensing 
device which responds to a characteristic signal 
in the form of electrical, mechanical, electromag- 
netic, chemical or thermal energy 

m transduction, in which the output from the sen- 
sor is converted into another form of energy, 
usually to a continuous electrical signal 

m amplification and signal processing to extract 
and magnify the relevant features of the signal 
and reduce unwanted noise 

= display and storage — the output from the instru- 
ment is presented to the operator. Storage for 
future use may be achieved using mechanical 
markers, printed copy or computer memory. 


Mechanical instruments use the signal energy to drive 
a display, with minimal intermediate processing. The 
height of a fluid-column manometer provides a visible 
index of pressure. The expansion of mercury within the 
confines of a thin glass column is a measure of tempera- 
ture. Mechanical springs and gearing translate the rotation 
of a vane into the recording of expired volume on a dial. 
However, the overwhelming trend is for nonelectrical sig- 
nals to be converted by a transducer to an electrical signal 
suitable for electronic processing by digital computers. 


The Microprocessor Revolution 


The development of digital microprocessors over the 
last 25 years has revolutionized anaesthetic practice. 
Beautifully engineered mechanical instruments, e.g. 
the von Recklinghausen oscillotonometer, are now ob- 
solete in developed countries. 

Advantages of digital signal processing include: 


m continuous real-time detection, processing and 
recording of measurements 

m increased range of measurements possible 

m miniaturization of complicated and powerful 
instruments 

m sophisticated artefact rejection and noise reduc- 
tion algorithms 

m complex on-line mathematical and statistical 
signal processing in upgradeable software, e.g. 
Fourier analysis of the EEG 
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m automated control of the apparatus and the 
timing and process of measurement, and integra- 
tion of alarms 

m storage in memory, permitting trend analysis, 
future display and further analysis 

m user-friendly audio-visual display of record- 
ings, integrating many simultaneous clinical 
measurements, and able to be customized by the 
user 

m less maintenance than analogue instruments. 


There are a few important disadvantages: 


m dependence on electrically powered equipment 

m degradation of clinical skills and alternative 
manual measurements through disuse 

m impoverished understanding of the principles of 
complex measuring equipment and the require- 
ments for correct use 

m illusion of the unquestionable accuracy of mea- 
surements produced by expensive computer- 
controlled equipment and presented on an 
impressive display or typed copy. 


Essential Requirements for Clinical 
Measurement 


All clinical measurement systems detect a biological 
signal and reproduce this input signal in the form of 
a display or record which is presented to the operator. 
The degree to which a discrete measurement is a true 
reflection of the underlying signal is defined by its ac- 
curacy and precision. 

Accuracy is the difference between the measure- 
ments and the real biological signal, or in practice, a 
different and superior ‘gold standard’ measurement. 
Calibration against predetermined signals is used to 
test and optimally adjust measuring instruments. For 
absolute measurements, e.g. arterial pressure, one 
point must be a fixed reference or ‘zero’. 

Precision describes the reproducibility of repeated 
measurements of the same biological signal. This dis- 
persion is usually described by summary statistics, 
standard deviation for normally distributed measure- 
ments, or the range for non-normal distributions. 
A single recording is unreliable when the measurement 
is imprecise. This is especially true of tests which re- 
quire patient cooperation, practised skill or effort, e.g. 
peak expiratory flow rate. Repeated measurements 
demonstrate the variability in response. 


The Importance of Repeated Measurements 


Differences in repeated clinical measurements arise 
from three causes: 


= change in the clinical condition of the patient 

m variability inherent in the biological signal or 
measuring instrument 

= confounding errors — the recorded measurement 
does not reflect the signal. 


The anaesthetist must be satisfied with the accu- 
racy and precision of any clinical measurement used 
in patient management. Repeated measurements 
which are consistent ensure that the measurement is 
representative, i.e. precise, but do not ensure accuracy. 
For example, repeated recordings of invasive arterial 
pressure may be extremely consistent, but erroneous 
if the transducer is not calibrated against the correct 
zero point. Defences against the uncritical acceptance 
of inaccurate measurements include meticulous care 
in calibrating instruments and recording of clinical 
measurements, and reflection on clinical measure- 
ments which do not fit the clinical state of the patient 
or other related measurements. A discrepant result 
should be rechecked, using a different measurement 
technique if possible, before it is used to change pa- 
tient management. This is especially true of complex, 
operator-dependent techniques such as measurement 
of cardiac output. 


Measurement of Continuous Signals 
Over Time 


Continuous signals, which include the majority of 
modern clinical measurements such as biological 
electrical signals and the electrical output of sig- 
nal transducers, introduce the complication of the 
response of the measuring instrument to a chang- 
ing signal over time. The reliability with which a 
continuous signal is reproduced is defined by the 
relationship between input and output of the mea- 
surement system over the clinical range of signal 
magnitude and frequency. The input-output func- 
tion of an accurate clinical measurement system 
would demonstrate good zero and gain stability, 
minimal amplitude non-linearity and hysteresis, 
and an adequate frequency response. This cannot 
be taken for granted, particularly with older equip- 
ment or with variations in environmental tempera- 
ture or humidity. 
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Zero Stability 


The ability of a measurement to maintain a zero 
reading on the display or record when the input sig- 
nal is zero defines the zero stability. The importance 
of zero instability depends on the magnitude relative 
to the signal, e.g. a zero drift of a few millimetres 
of mercury is much less important for the measure- 
ment of arterial pressure than it is for intracranial 
pressure. 


Gain Stability 


The majority of biological signals are amplified before 
reproduction. This ‘gain’ may be fixed or controlled by 
the user. When set, this should remain constant over 
the period of recording. 


Amplitude Linearity 


The degree of amplification of the signal should be 
constant over the whole range of signal amplitudes. 
Manufacturers usually specify the degree of linearity 
of electronic components over a certain amplitude 
range. The amplitude linearity of a complete clinical 
system may be confirmed easily in an electronics labo- 
ratory by comparing the output to known, standard- 
ized test signals. 


Hysteresis 


Some instruments, such as thermistors and humid- 
ity sensors, may display hysteresis. This is a special 
case of non-linearity, in which the output differs de- 
pending on whether the input signal is increasing or 
decreasing. 


Frequency Respons e 


Many biological signals vary in a complicated and 
rapidly changing pattern. Accurate reproduction of a 
complex waveform requires that all of the component 
frequencies which make up the waveform are pro- 
cessed in an identical manner. This requires more than 
simply equal amplification irrespective of frequency, 
i.e. no amplitude distortion. It also implies that the rel- 
ative positions of the various frequency components 
of the waveform are not shifted, ie. no phase distor- 
tion. In practice, accurate reproduction up to the 10th 
harmonic of the fundamental frequency is sufficient 
for clinical purposes, e.g. 30 Hz for an arterial pressure 
waveform associated with heart rates up to 180 beats 
min" (3 Hz). 
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Signal-to-Noise Ratio 


Biological signals are obscured to a variable degree by 
unwanted or extraneous signals which have similar 
physical characteristics and are described as noise, e.g. 
heart sounds become difficult to detect in the presence 
of continuous, noisy breath sounds. The efficiency of 
isolation of the signal from unwanted biological signals 
and electronic noise sources in the equipment is defined 
by the signal-to-noise ratio. The variability of the am- 
plitudes of signal and noise is enormous and the signal- 
to-noise ratio is described using a logarithmic scale of 
decibels. Microvolt EEG measurements are particularly 
susceptible to noise from many sources. Biological noise 
includes contaminating ECG and EMG potentials, par- 
ticularly from the scalp muscles, and interference from 
electrochemical activity at the skin-electrode interface. 
Electrostatic and electromagnetic linkage between the 
recording wires and nearby sources of mains electricity 
generates noise which is predominantly 50 Hz frequency 
and harmonics. Radiofrequency noise from diathermy or 
transmitters may also be picked up at this stage. Physical 
disturbance of the recording wires causes tiny changes 
in capacitive potentials and may add low-frequency 
noise, called microphony. Thermal noise is added during 
amplification, particularly at the input stage when the 
signal is in the microvolt range. Good amplifier design, 
electronic filtering of unwanted frequencies and mod- 
ern techniques of digital signal processing may extract 
small signals from considerable background noise, but 
this inevitably introduces some distortion of the signal. 
Prevention of contamination of the signal by minimiz- 
ing sources of noise before the signal is amplified is al- 
ways preferable. The operator is responsible for correctly 
using measuring instruments to optimize the signal and 
for applying knowledge of the physical principles of the 
measurement to minimize contamination by noise. 


Analogue and Digital Processing 


Following signal detection and appropriate trans- 
duction, the continuously variable analogue signal is 
amplified, processed and displayed for the attention of 
the clinician. 


Mechanical Measuring Instruments 


Measuring instruments based on mechanical prin- 
ciples lack the flexibility and automated control of 
computerized devices, but use ingenious methods for 
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processing and displaying analogue measurements. 
For example, mechanical spirometers use precision- 
engineered gears to translate the movement of a piston 
or vane into the rotation of a calibrated dial. 


Analogue Computers 


Analogue computers use hardware comprising elec- 
tronic circuits and operational amplifiers. Signals 
are processed in the form of continuously variable 
electric potentials. Analogue hardware components 
continuously perform a wide variety of mathemati- 
cal functions on a rapidly changing input waveform. 
Integration and differentiation are formidable math- 
ematical tasks for a digital computer, which can be 
solved simply and cheaply using analogue circuits 
comprising capacitors and resistors. Integration of 
the flow signal from a pneumotachograph produces a 
volume waveform. 


Microcomputers and Digital Signal Processing 


Digital signal processing offers a powerful alternative 
to mechanical processing and analogue computation. 
A fundamental step in this process is the conversion 
of a continuous analogue electrical signal into a dis- 
crete digital form. This analogue-to-digital conversion 
is achieved by measuring or ‘sampling’ the continu- 
ous input signal at regular intervals, to produce a se- 
ries of discrete measurements over time which are in 
a suitable format for digital computation. The over- 
whelming advantage of digital processing is that the 
manipulation of the digitized signal is performed by 
a flexible and unlimited series of software calculations 
which range from mathematical functions to the an- 
alysis of statistical properties and trends. 


Analogue-to-Digital Conversion 


The core processing units of digital computers assume 
one of two stable states, i.e. a binary, rather than deci- 
mal, code. This imposes a limit on the resolving power 
of the digital processor, although with increasing pro- 
cessing power this limit has become negligible. Earlier 
8-bit computing comprised a binary number of eight 
digits representing 2° integer decimal numbers, from bi- 
nary 00000000=decimal 0 to binary 11111111=decimal 
255. In short, an 8-bit converter can resolve an analogue 
signal with an accuracy of one part in 255, i.e. with 
an amplitude resolution of 0.4% of full scale. A 12-bit 


converter is more accurate, with a resolving power of 
one part in 4095 or 0.02% of full scale. More modern 
processors are capable of 32-bit computing correspond- 
ing to a range of 2” integer decimal numbers (a resolv- 
ing power of 0.00000002%), with 64-bit processors now 
commonly found in domestic computer equipment. 
Whilst highly accurate, the cost of this improvement in 
resolution is more expensive hardware to digitize, pro- 
cess and store considerably more digital information. 

Amplitude resolution is not the only determinant 
of the accuracy of analogue-to-digital conversion. 
Resolution over time, determined by the sampling 
frequency, is also important. A relatively low sampling 
frequency may provide a representative sample of val- 
ues for a slowly changing waveform but it may inad- 
equately represent high-frequency components and 
introduce an aliasing error, in which different signals 
become indistinguishable. The Nyquist theorem sug- 
gests that the minimum sampling frequency to main- 
tain the integrity of the waveform is at least twice the 
highest frequency component with significant ampli- 
tude in the input signal waveform, e.g. a sampling fre- 
quency of 100 Hz would adequately capture the fastest 
rate of change in a physiological pressure signal. 

The immensely powerful and complicated hard- 
ware and software programming instructions respon- 
sible for performing the tasks of digitizing, processing, 
storing and displaying the input signal are hidden 
from view in the commercial ‘black box’. 


Data Display 


Useful instruments communicate measurements in an 
appropriate and user-friendly manner. 


Analogue Displays 


A continuously variable signal, such as pressure or 
temperature, is represented by an analogue display 
in terms of the amplitude of a physical quantity on a 
calibrated scale, dial, electrical meter or printed record. 
The glass thermometer incorporates a wedge-shaped 
lens which magnifies the appearance of the mercury 
column against the calibrated background scale. The 
height of a water column manometer is a linear, vi- 
sual scale of pressure. Simple mechanical displays are 
accurate and easily understood, but are inconvenient 
to read and most suitable for intermittent discrete 
measurements. 
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Mechanical spirometers and flowmeters record 
flow on a dial driven by gears. Electrical moving coil 
meters use a coil of wire suspended in a magnetic field 
which rotates in proportion to the applied current and 
moves a pointer on a calibrated dial. Alternatively, the 
amplified and filtered electrical signal could drive a 
chart recorder which produces a continuous printed 
record of the amplitude of measurements against time. 
Limitations common to these mechanical devices in- 
clude fragile moving parts, and inertia which impairs 
the frequency response to rapidly changing signals. 

The cathode ray oscilloscope is an effective screen- 
based display for continuous analogue electrical sig- 
nals. A heated cathode generates a stream of electrons 
which are focused and accelerated onto a phospho- 
rescent coating which lines the flat surface of the tube 
to generate a bright spot. The position of the electron 
beam in both x- and y-axes is controlled by electrostatic 
plates. The continuously varying input signal is applied 
to the y-plates so that deflection in the vertical y-axis 
is proportional to the amplitude of the signal. The ab- 
sence of mechanical parts results in a high-frequency 
response. An electronic time-base circuit delivers a 
saw-tooth voltage to the x-plates which drives the 
electron beam across the x-axis at a constant rate and 
returns the beam to the left-hand side at the start of 
each sweep. This produces a dynamic image of signal 
amplitude against time. Alternatively, a second input 
signal may be applied to the x-plates to produce an x-y 
graphical plot, e.g. pressure-volume loop. Cathode ray 
oscilloscopes are widely used in electronic engineering 
and signal processing, but have been replaced in clinical 
practice by microprocessor-controlled displays. 


Microprocessor-Controlled Displays 


Digital signal processing has revolutionized clinical 
measurement. Modern monitors comprise a single 
system integrating various measurements of physiol- 
ogy, and display information as discrete measurements 
as well as continuous analogue waveforms (Fig. 16.1). 
This paradox, the conversion of analogue information 
into digital and then back to analogue, illustrates the 
real power of digital signal processing to manipulate 
and present information in a relevant and user-friendly 
manner. Data patterns (waveforms, trends, graphs) 
can be recreated or processed in other ways from the 
original digital signal to assist the anaesthetist, with 
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FIGURE 16 


Standard anaesthetic monitoring screen. 


the original digital signal being stored in a computer 
record without degradation of the quality of the signal. 

Most of the current monitoring systems follow 
good ergonomic principles, with different variables 
separated consistently by position on the screen and 
by colour. This allows the most important information 
to be placed centrally in large symbols or fonts and in 
bold colours, with less important data either relegated 
to small print, or placed in submenus. However, the 
flexibility of most monitors implies that it is still possi- 
ble for individuals to change colours and priorities, of- 
ten making the monitor much less effective. Whenever 
possible, departments should ensure that all monitors 
have identical default settings to reduce confusion 
(these are usually password protected). Unfortunately, 
the lack of international standards means that confu- 
sion may still occur if monitors from multiple sources 
are used in the same unit. 

Despite many attempts to simplify patient data into 
geometric shapes or bar graphs, data continue to be 
displayed most often as simple numbers, supported by 
waveforms, e.g. invasive pressure, and a graphical dis- 
play of trends over time. Trends are particularly useful 
when clinical problems may produce gradual change. 
For example, in neurosurgery, a gradual decrease in 
end-tidal carbon dioxide concentration is often asso- 
ciated with multiple air emboli. 
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BIOLOGICAL ELECTRICAL SIGNALS 


The detection and recording of biological electrical 
potentials are important clinical measurements which 
incorporate many of the key principles of clinical 
measurement. 

Depolarization of the cell membrane of excitable 
cells is fundamental to the action of these cells and 
generates a transient potential difference between 
the active cell and surrounding tissues. The summa- 
tion of synchronous extracellular potentials from a 
large number of excitable cells generates a widespread 
electric field which can be detected by electrodes on 
the body surface. The electrocardiogram (ECG) and 
electroencephalogram (EEG) are two well-established 
measures of biological electrical activity. 

Biological electrical signals are detected using 
electrodes constructed of silver and electrolytically 
coated with silver chloride. Low, stable impedances 
minimize mains interference. Symmetrical electrode 
impedance and insignificant polarization control 
drift. However, care is still required to achieve op- 
timum results. The silver chloride layer is very thin, 
prone to deterioration and only suitable for single 
use. Movement artefacts which alter the electrode 
potential and impedance are greatly reduced if the 
electrode surface is separated from the skin by a foam 
pad impregnated with electrolyte gel. It is no longer 
necessary to abrade the skin to achieve ultra-low im- 
pedance, but de-greasing with alcohol before apply- 
ing the electrode helps to reduce skin impedance and 
ensures satisfactory adhesion. 


Amplification 


The amplitude of tiny bioelectrical signals must be 
increased by amplification, and unwanted noise and 
interference minimized. Calibration voltages may be 
incorporated for correct adjustment of the gain of the 
amplifier. 


Input Impedance and Common Mode Rejection 


Amplifiers for biological signals require high common 
mode rejection and high input impedance. The input 
and electrode impedances act as a potential divider: 
high electrode impedance and low amplifier input 
impedance attenuate the electrical signal across the 
amplifier. The input impedance of modern amplifiers 


exceeds 5 MQ to avoid problems, and careful attention 
must be paid to minimizing electrode impedance, par- 
ticularly for EEG recordings. 

Differential amplification is a powerful method 
of reducing unwanted noise. The potential difference 
between two input signals is amplified, but electrical 
signals common to both are attenuated. This feature is 
termed ‘common mode rejection’ and very effectively 
reduces mains interference in all biological signals and 
electrocardiographic contamination of much smaller 
electroencephalographic signals. The common mode 
rejection ratio (CMRR) for a typical differential am- 
plifier exceeds 10000:1. In other words, a signal ap- 
plied equally to both input terminals would need to be 
10000 times larger than a signal applied between them 
for the same change in output. 


Frequency Respons e 


The bandwidth of the amplifier must cover the range 
of frequencies which are important in the signal. In 
practice, amplifiers require a flat frequency response 
for ECG from 0.14 to 50Hz, for EEG from 0.5 to 
100 Hz and for EMG from 20 Hz to at least 2 kHz. 

Low-frequency interference, largely caused by slow 
fluctuating potentials generated in the electrodes, pro- 
duces baseline instability and drift. This is removed by 
incorporating a network of resistors and capacitors 
which function as a simple high-pass filter allowing bi- 
ological signals to pass, but attenuating low-frequency 
noise. This introduces a compromise in amplifier 
design between signal trace fidelity and stability of 
recording. For example, amplifiers designed for diag- 
nostic electrocardiography have long time constants 
with optimal reproduction of the waveform at the 
expense of baseline instability, especially to movement. 
In comparison, continuity of recording is more impor- 
tant when the electrocardiogram is used for monitor- 
ing during anaesthesia; high-pass filtering produces a 
short time constant and good baseline stability at the 
expense of waveform reproduction. Low-frequency el- 
ements of the ECG, such as the T wave, may become 
differentiated by phase shift in the high-pass filter and 
appear distorted or biphasic. 

Other filters can attenuate particular frequencies. 
Highly selective band reject filters attenuate 50 Hz in- 
terference from the signal. Low-pass filters are used 
to eliminate higher-frequency artefacts from an EEG 
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signal. The purpose of filtering is to reduce unwanted 
noise relative to the signal. When the frequency range 
of signal and noise overlap, some degree of signal deg- 
radation is inevitable. 


Noise and Interference 


Electrical noise arising from the patient, the patient- 
electrode interface or the surroundings may seri- 
ously interfere with accurate recording of biological 
potentials. 


Noise Originating from the Patient. Millivolt ECG 
potentials on the body surface are hundreds of times 
larger than microvolt EEG signals on the scalp. EMG 
signals may be even larger, and muscular activity, espe- 
cially shivering, causes severe interference. Two features 
of electronic amplifier design substantially improve 
the EEG signal-to-noise ratio. ECG potentials are es- 
sentially the same across the scalp and are ignored by 
amplifiers with a high common mode rejection. EMG 
activity has a higher frequency content than the EEG 
signal, and may be minimized by a low-pass filter which 
attenuates the higher-frequency response of the ampli- 
fier to a level which attenuates the EMG signals and 
does not interfere with the characteristics of the EEG. 


Noise Originating from the Patient—Electrode Interface. 
Recording electrodes do not behave as passive conduc- 
tors. All skin—metal electrode systems employ a metal sur- 
face in contact with an electrolyte solution. Polarization 
describes the interaction between metal and electrolyte 
which generates a small electrical gradient. Electrodes 
comprising metal plated with one of its own salts, e.g. 
silver—silver chloride, avoid this problem because current 
in each direction does not significantly change the elec- 
trolyte composition. Mechanical movement of recording 
electrodes may also cause significant potential gradients — 
alteration in the physical dimensions of the electrode 
changes the cell potential and skin—-electrode imped- 
ance. Differences in potential between two electrodes 
connected to a differential amplifier are amplified and 
asymmetry of electrode impedance seriously impairs the 
common mode rejection ratio of the recording amplifier. 


Noise Originating Outside the Patient. Electrical 
interference. Mains frequency interference with the re- 
cording of biological potentials may be troublesome, 
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particularly in electromagnetically noisy clinical 
environments. Patients function physically as large 
unscreened conductors and interact with nearby 
electrical sources through the processes of capacitive 
coupling and electromagnetic induction. 

Capacitance permits alternating current to pass 
across an air gap. A live mains conductor and nearby 
patient behave as the two plates of a capacitor. The 
very small mains frequency current which flows 
through the patient is of no clinical significance 
but confounds the detection and amplification of 
biological potentials, creating unwanted interference 
in the recording. Capacitive coupled interference is 
minimized by reducing the capacitance and the al- 
ternating potential difference. This is achieved by 
moving the patient away from the source of inter- 
ference and by screening mains-powered equipment 
with a conductive surround which is maintained at 
earth potential by a low-resistance earth connec- 
tion and by surrounding leads with a braided copper 
screen — stray capacitances couple with the screen 
instead of the lead. 

Alternating currents in a conductor generate a 
magnetic flux. This induces voltages in any nearby 
conductors which lie in the changing magnetic flux, 
including the patient or signal leads to the amplifier, 
which function as inefficient secondary transformers. 
This source of interference is minimized by keeping 
patients as far as possible from powerful sources of 
electromagnetic flux, especially mains transformers. 
Electromagnetic inductance may be minimized by en- 
suring that all patient leads are the same length, closely 
bound or twisted together until very close to the elec- 
trodes. This ensures that the induced signals are iden- 
tical in all leads and therefore susceptible to common 
mode rejection. 

The importance of low electrode impedance. Low 
electrode impedance may exaggerate the effects of 
surrounding electrical interference. Capacitive and 
inductive coupling produce very small currents in the 
recording leads. If the electrode impedance is low, the 
potential at the amplifier input must remain close to 
the potential at the skin surface, so that minimal in- 
terference results. If electrode impedance is high, the 
small induced currents may create a significant poten- 
tial difference across that impedance, leading to severe 
50 Hz interference. 
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Radiofrequency interference from diathermy is 
a severe problem for the recording of biological po- 
tentials. ECG amplifiers may be provided with some 
protection by filtering the signal before it enters the 
isolated input circuit, filtering the power supply to 
block mains-borne radiofrequencies and enclosing the 
electronic components in a double screen, the outer 
earthed and the inner at amplifier potential. 


BIOLOGICAL MECHANICAL SIGNALS 


Pressure is a mechanical signal fundamental to mea- 
surement and monitoring in anaesthesia. Several physi- 
cal principles and a wide range of instruments are used 
to measure pressure. Liquid column manometers dis- 
play pressure according to the height of a column of 
fluid relative to a predefined zero-point, and the density 
of the fluid. Mechanical pressure gauges are used widely, 
particularly in high-pressure gas supplies; pressure- 
dependent mechanical movement is amplified by a 
gearing mechanism which drives a pointer across a scale. 

For most physiological pressure measurements, 
diaphragm gauges are used — a flexible diaphragm 
moves according to the applied pressure. Mechanical 
display of diaphragm movement is limited by poor 
sensitivity to small pressures, inertia to changing pres- 
sure and a narrow range of linear response. In modern 
diaphragm gauges used for sensing dynamic pressures, 
movement of the diaphragm is sensed by a device 
which converts the mechanical energy imparted to the 
diaphragm into electrical energy. 


Electromechanical Transducers 


The first step in transduction is movement of the 
diaphragm caused by the relationship to applied pres- 
sure. This depends on the stiffness of the diaphragm 
and substantially determines the operating charac- 
teristics of the transducer. Linearity of amplitude and 
frequency response are improved by using small stiff 
diaphragms which require a more sensitive mecha- 
nism for sensing diaphragm movement. 

Wire strain gauges are based on the principle that 
stretching or compression of a wire changes the electrical 
resistance. Changes in capacitance or inductance have 
also been coupled to movement of a diaphragm. Silicon 
strain gauges use the changes in resistance in a thin slice 
of silicon crystal which occur when it is compressed or 


expanded. They are very sensitive and suitable for in- 
corporation into a small stiff diaphragm with excellent 
frequency response, but non-linearity and temperature 
dependence are difficult technical problems. 

Optical transduction senses movement of the dia- 
phragm by reflecting light from the silvered back of the 
convex diaphragm on to a photocell. Applied pressure 
causes the silvered surface to become more convex. This 
causes the reflected light beam to diverge, reducing the 
intensity of reflected light sensed by the photoelectric 
cell. This design is used in a fibreoptic cardiac catheter 
for intravascular pressure measurement. These min- 
iature pressure transducers are expensive but have a 
high-frequency response and fibreoptic light sources 
eliminate the risk of microshock. 


THE CARDIOVASCULAR SYSTEM 


The principal aim of an anaesthetist is to ensure the 
delivery of oxygen to the patient’s tissues. In physio- 
logical terms, oxygen delivery is the product of the 
cardiac output, the concentration of haemoglobin and 
its oxygen saturation. Clinically, if the patient is pink, 
with a normal volume pulse and has warm extremi- 
ties, then these aims are being met. When combined 
with a urine output of greater than 0.5mL h” it is un- 
likely that the patient has any cardiovascular problems. 
A further confirmatory test, especially useful in children, 
is the capillary refill time. When an extremity is com- 
pressed for 5 s, if capillary refill occurs in less than 1.5 s, 
cardiac output is adequate. If the refill time is greater 
than 5 s, then shock is likely to be present. 

The need for direct patient observation cannot be 
overestimated. Literally having a ‘finger on the pulse’ 
and being able to see the patient are the most impor- 
tant safety factors. While factors such as drapes and 
dimmed theatre lights may make direct observation 
difficult, there should not be complete reliance on 
electronic monitoring. 


Electrocardiography 


The electrocardiogram (ECG) is a well-established 
measure of myocardial electrical activity. The synchro- 
nous depolarization and prolonged action potentials 
in cardiac muscle summate to generate a potential field 
of high amplitude. This potential difference is detected 
between two electrodes placed on the body surface. In 
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the three-lead system commonly in use, the third lead 
is used as a reference electrode. The voltage changes 
are very small (1mV in amplitude with a frequency 
response of 0.05-100Hz) and require amplification 
before being displayed as the familiar waveform. 

Different lead positions detect electrical activity 
from different parts of the myocardium. The com- 
monest position of the electrodes used in the oper- 
ating theatre is the CM5 arrangement, as this is the 
best position to detect ischaemia of the left ventricle 
(Fig. 16.2). 

The ECG is a standard monitor used on all anaes- 
thetized patients. The visible waveform allows the car- 
diac rhythm to be identified and may often be printed 
for further analysis. Alarms may be set to identify ar- 
rhythmias and brady/tachycardias. Many monitors are 
able to display a numerical value of the heart rate in 
addition to a measure of any ST segment depression/ 
elevation produced by cardiac ischaemia/infarction. 
This may be displayed as a trend over time and the 
success of treatment observed. 

Unfortunately, the relatively small voltages mea- 
sured are easily swamped by skeletal muscle activity 
or surgical diathermy, often leading to false alarms. 
The signal may also be severely degraded if the gel of 
the electrodes has been allowed to dry out or if the 
weight of the leads is allowed to pull on the electrodes. 


Right arm lead over Indifferent lead 


manubrium sterni 


Left arm lead 
V5 position over 
left ventricle 


FIGURE 16.2 
monitoring. 


CMS configuration for electrocardiograph 
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In addition, the monitor only identifies ischaemia in 
a single area; multiple lead systems are required to 
monitor the whole myocardium. While the ECG has 
become a standard monitor, it adds little to the infor- 
mation provided by palpating the pulse. It must be 
remembered that electrical activity does not always 
produce a cardiac output. Complications are rare, al- 
though the electrode adhesive may produce skin dam- 
age in susceptible patients. 


Arterial Pressure 
Indirect Methods 


An adequate arterial pressure is essential for tissue 
perfusion; even when perfusion is adequate, hypo- 
tension may lead to renal failure. Indirect methods of 
measuring arterial pressure do not depend on contact 
between arterial blood and the system for signal rec- 
ognition and transduction. Arterial pressure may be 
most rapidly estimated by palpating a pulse, although 
this method is too unreliable as a single technique. The 
majority depend on signals generated by the occlusion 
of a major artery using a cuff, known as the Riva-Rocci 
method. Systolic pressure can be estimated by the 
return of a palpable distal pulse; auscultation of the 
Korotkoff sounds can determine systolic and diastolic 
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pressures. These methods, however, are too time- 
consuming during anaesthesia and often impossible 
because of poor access to the patient’s arm. 


Oscillometric Measurement of Arterial Pressure 


The oscillometric measurement of arterial pressure 
estimates arterial pressure by analysis of the pressure 
oscillations which are produced in an occluding cuff 
by pulsatile blood flow in the underlying artery dur- 
ing deflation of the cuff (Fig. 16.3). The original auto- 
matic oscillometers used two cuffs. The upper cuff was 
inflated to occlude the arterial flow and then gradually 
deflated. As the blood flow began to pass under the up- 
per cuff, the small changes in volume were detected 
by the lower cuff with an electromechanical pressure 
transducer. Modern machines use a single cuff with two 
tubes for inflation/measurement. During slow deflation, 
each pulse wave produces a pressure transient in the cuff 
which may be distinguished from the slowly decreasing 
ambient pressure in the cuff. Above systolic pressure, the 
transients are small, but suddenly increase in magnitude 
when the cuff pressure reaches the systolic point. As the 
cuff pressure decreases further, the amplitude reaches 
a peak and then starts to diminish. The mean arterial 
pressure correlates closely with the lowest cuff pressure 


Cuff pressure 
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Diagram showing: (A) Relationship between cuff pressure and intra-arterial pressure as cuff pressure decreases 


during oscillometry; (B) the signal created by the relative pressure changes in A. The sharp spikes of pressure in B are created by 
the walls of the artery opening and closing. These spikes are detected by a transducer first when the cuff pressure is just below 
systolic arterial pressure; their amplitude reaches a peak at mean arterial pressure and they cease when the cuff pressure is below 


diastolic pressure. 


at which the maximum amplitude is maintained. As the 
cuff pressure reaches diastolic pressure, the transients 
abruptly diminish in amplitude. To avoid high cuff 
pressures and long deflation times, monitors inflate the 
cuff to just above a normal systolic pressure and then 
slowly decrease the pressure until a pulse is detected. 
Consequently, estimates of diastolic pressure can be un- 
reliable. If a pulse is not detected, the cuff is then inflated 
to a higher pressure. This process may be repeated sev- 
eral times before a measurement is made. 

Commercial instruments incorporate mechanisms 
for improving the reliability of the measurement. For 
example, at each successive plateau pressure during the 
controlled deflation, successive pressure fluctuations 
are compared and accepted only if they are similar. All 
automatic oscillometric instruments require a regular 
cardiac cycle with no great differences between succes- 
sive pulses. Accurate and consistent readings may be 
impossible in patients with an irregular rhythm, par- 
ticularly atrial fibrillation. 

Clinical studies comparing automatic oscillometric 
instruments with direct arterial pressure have dem- 
onstrated good correlation for systolic pressure with a 
tendency to overestimate at low pressures and underes- 
timate at high pressures. Mean and diastolic pressures 
were less reliable. The 95% confidence interval for all 
three indices exceeded 15 mmHg. The disadvantages 
of automated oscillometry are shown in Table 16.3. 


Other Techniques. Measuring devices depend on 
the detection of movement of the arterial wall using 
changes in pressure or sound below audible frequencies 


TABLE 16.3 


Disadvantages of Automated Oscillometry 


Delayed measurement with arrhythmias or patient movement 


Inaccuracy with systolic pressure <60 mmHg 


Inaccurate if the wrong size cuff used 


May be inaccurate in obese patients 


Discomfort in awake patients 


Skin and nerve damage in prolonged use 


Delay in injected drugs reaching the circulation 


Backflow of blood into i.v. cannulae 


Pulse oximeter malfunction as cuff is inflated 
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and detection of blood flow using the Doppler shift 
of an ultrasound signal, or plethysmography. Several 
other techniques have been used to measure arterial 
pressure, but have failed to find widespread usage. 
These include the Penaz technique, which measures the 
effect of external pressure on the blood flow through a 
finger, and other devices relying on pressure measure- 
ments over an artery, Doppler probes or detection of 
Korotkoff sounds with a microphone. 


Direct Measurement 


To measure arterial pressure directly, a cannula (usu- 
ally 20-22G parallel-sided Teflon) must first be 
inserted into an artery (usually the radial because oc- 
clusion of the artery may be compensated for by flow 
through the ulnar artery). As fluids are incompressible, 
the pressure in the artery is transmitted directly to a 
transducer, which converts pressure into an electrical 
signal which is displayed by the monitor. The cost and 
complexity of pressure transducers are compensated 
by convenience, accuracy, continuity of measurement 
and an electrical output which may be processed, 
stored and displayed according to the requirements. 
The transducer should be at the level of the left ven- 
tricle and the transducer opened to the atmosphere 
to provide a zero reading before use. Monitors usually 
display systolic and diastolic pressures as well as the 
mean pressure, calculated automatically by integrating 
the area under the pressure waveform. The waveform 
provides useful additional information: a rapidly ap- 
preciated estimate of pressure, a qualitative assessment 
of the adequacy of the frequency response and damp- 
ing, and an assessment of relative hypovolaemia dur- 
ing positive pressure as identified by the variability or 
‘swing in the waveform. 

The advantage of direct measurements is a real- 
time measure of arterial pressure, which is essential 
when administering drugs such as vasopressors to 
critically ill patients (Table 16.4). Such measurement 
systems also provide a means for obtaining samples for 
arterial blood gas analysis and other blood tests. The 
use of arterial cannulae has therefore become standard 
practice for severely ill patients, both in the operating 
theatre and in the intensive care unit. 

However, errors are common as a result of mal- 
positioning of the transducers and failure to zero the 
transducer before use. For example, if the operating 
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TABLE 16.4 


Advantages of Direct Arterial Pressure 
Measurement 


Accuracy of pressure measurement 


Beat-by-beat observation of changes when blood pressure is 
variable or when vasoactive drugs are used 


Accuracy at low Pressures 


Ability to obtain frequent blood samples 


table is moved upwards while the transducer remains 
static, the difference in height artificially increases the 
pressure reading. Further, while modern disposable 
sets are usually reliable and accurate, they may occa- 
sionally malfunction. Unusual readings should there- 
fore be checked against a reading from a non-invasive 
monitor. Complications relating to arterial cannulae 
are shown in Table 16.5. 


Resonant Frequency and Damping. Fourier showed 
that all complex waveforms may be described as a 
mixture of simple sine waves of varying amplitude, 
frequency and phase. These consist of a fundamental 
wave, in this case at the pulse frequency, and a series 
of harmonics. The lower harmonics tend to have the 
greatest amplitude and a reasonable approximation to 
the arterial pressure waveform may be obtained by ac- 
curate reproduction of the fundamental and first 10 
harmonics. In other words, to reproduce an arterial 
waveform at 120 beats min™ accurately would require 


TABLE 16.5 


Complications Relating to Arterial Cannulae 


Requires skill to insert 


Bleeding 


Pain on insertion 


Arterial damage and thrombosis 


Embolization of thrombus or air 


Ischaemia to tissues distal to puncture site 


Sepsis 


Inadvertent injection of drugs 


Late development of fistula or aneurysm 
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transduction with a linear frequency response up to 
a frequency of at least (120x10)/60=20Hz. Accurate 
reproduction of a waveform requires that both the 
amplitude and phase difference of each harmonic are 
faithfully reproduced. This requires a transduction 
system with a natural frequency higher than the sig- 
nificant frequency components of the system, and the 
correct amount of damping. 

The fluid and diaphragm of the transducer con- 
stitute a mechanical system which oscillates in simple 
harmonic motion at the natural resonant frequency. 
This determines the frequency response of the mea- 
surement system (Fig. 16.4). The resonant frequency 
of a catheter-transducer measuring system is highest, 
and the frictional resistance to fluid flow which damp- 
ens the frequency response is lowest, when the veloc- 
ity of movement of fluid in the catheter is minimized. 
This is achieved with a stiff, low-volume displacement 
diaphragm and a short, wide, rigid catheter. 


Determination of the Resonant Frequency and 
Damping. The resonant frequency and the effects of 
damping may be estimated by applying a step change 
in pressure to the catheter-transducer system and re- 
cording the response (Fig. 16.5). The underdamped 
system responds rapidly but overshoots and oscillates 
close to the natural resonant frequency of the system; 
frequency components of the pressure wave close to 
the resonant frequency are exaggerated. By contrast, 


Resonant frequency 


Amplitude of response 


Increasing frequency 
of signal over time 


FIGURE 16.4 ® Stimulation of the output of a catheter- 
transducer system with increasing frequency of a constant ampli- 
tude input signal. The linearity of response is lost as the frequency 
approaches the resonant frequency of the system. 


Underdamped 


A 
Optimal damping 
B 
Overdamped 
C 
FIGURE 16.5 ™ Damping of arterial pressure waves and the 


response to a square wave signal from the fast flush device. 


the overdamped system responds slowly and the re- 
corded signal decreases slowly to reach the baseline, 
with no overshoot. High-frequency oscillations are 
damped, underestimating the true pressure changes. 
These extremes are undesirable. 


Optimal Damping. Optimal damping maximizes the 
frequency response of the system, minimizes reso- 
nance and represents the best compromise between 
speed of response and accuracy of transduction. 
A small overshoot represents approximately 7% of the 
step change in pressure, with the pressure then follow- 
ing the arterial waveform (Fig. 16.5). 

Damping is relatively unimportant when the fre- 
quencies being recorded are less than two-thirds of the 
natural frequency of the catheter-transducer system. 
Modern transducer systems using small compliance 
transducers connected to a short, stiff catheter, with a 
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minimum of constrictions or connections, approximate 
to this ideal. The system also includes a pressurized bag 
of saline which produces a flow of 1-3 mL h~ through 
a restrictor to prevent clot formation, as well as the fa- 
cility to allow a higher flow rate to flush the system, for 
example after a blood sample has been taken. Air bub- 
bles in the system, clotting or kinking in the vascular 
catheter, and arterial spasm lower the natural resonant 
frequency and increase the damping. 

In clinical practice, the resonant frequency of the 
whole system is uncomfortably close to the frequency 
content of the signal, and accurate measurements re- 
quire optimal damping. However, damping is difficult 
to measure and control, and is poor compensation 
for an inadequate frequency response in the pressure 
recording system. Adjustment of damping is difficult 
to achieve and mechanical methods which include in- 
serting constrictions or a compliant tube into the sys- 
tem to increase damping further reduce the resonant 
frequency. Electronic damping of the electrical output 
from the transducer cannot correct for non-linear am- 
plification and attenuation of frequencies in the pres- 
sure wave before transduction. 


Accuracy of Arterial Pressure Measurements 


The accuracy of pressure measurements, particu- 
larly using indirect methods, needs to be considered. 
Invasive direct measurement of arterial pressure is the 
usual standard for comparison. However, the catheter- 
transducer system must be carefully set up and tested 
for optimal performance and this is hard to achieve in 
clinical practice. Arterial pressure varies throughout 
the arterial tree and the measured pressure depends 
on the site of measurement. As the pulse wave trav- 
els from the ventricle to peripheral arteries, changes in 
vessel diameter and elasticity affect the pressure wave- 
form, which becomes narrower with increased ampli- 
tude. Differences in arterial pressure between limbs are 
common, particularly in patients with arterial disease. 

Indirect methods using an occluding cuff make 
intermittent measurements, with the systolic and dia- 
stolic readings reflecting the conditions in the artery 
at two instants at which the end-points are detected. 
By contrast, direct pressure measurements are the 
average of a number of cycles, more precisely reflect- 
ing mean pressures. Indirect measurements may be 
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compromised by taking a small number of infrequent 
samples from a variable signal. 


Central Venous Pressure 


Central venous pressure is often considered a measure 
of the amount of blood within the venous system; a 
pressure less than normal (2-3 mmHg) indicates hy- 
povolaemia and a higher pressure indicates volume 
overload. While such a view is reliable for healthy pa- 
tients with acute blood loss, it is not so simple in other 
circumstances. For example, patients with damage to 
the right side of the heart may have raised central ve- 
nous pressure even when the filling pressure of the left 
side of the heart is low. Single measurements rarely 
provide an accurate reflection of the fluid status of the 
patient. However, repeated measurements taken while 
a fluid challenge is given can be informative. 

There are four common routes for central venous 
catheterization. 


= Long catheters inserted via the antecubital fossa 
are relatively easy and safe to insert but are of 
small diameter. Catheters inserted via the basilic 
or cephalic vein are sometimes difficult to ad- 
vance past the shoulder. It is also difficult to 
determine if the tip of the catheter is within a 
central vein without X-ray imaging. Thrombosis 
of the veins is common if the catheter is left in 
situ for more than 24h. 

= Femoral venous catheters are inserted just below 
the inguinal ligament. They are also relatively 
easy to insert and may be of large gauge to allow 
rapid transfusion of fluids. This route is often 
chosen in children. However, the site of insertion 
is often within a skin fold, making skin sepsis 
more likely. 

m Internal jugular catheters are used most com- 
monly because the vein is superficial, of larger 
diameter, and easily managed. This is the route 
which is often most appropriate for use in an 
emergency. However, the insertion point is ad- 
jacent to several vital structures, including the 
carotid artery, lung, brachial plexus and cervical 
spine, with the result that direct needle trauma 
to these structures can occur. Current guidelines 
recommend the use of an ultrasound probe for 
insertion of a catheter via the internal jugular 
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route to improve the accuracy of insertion and to 
minimize complications. 

m Subclavian catheters suffer the same problems as 
those in the internal jugular vein, although the 
point of insertion under the clavicle may make it 
easier to anchor the catheter to the skin. However, 
if accidental arterial puncture occurs, the overly- 
ing clavicle obscures bleeding and makes direct 
compression of the artery impossible. The prox- 
imity of the pleura is associated with a risk of 
accidental lung puncture. The subclavian route 
should therefore be used only when the internal 
jugular approach is contraindicated. 


As the central venous pressure is relatively low, it 
may be measured using a simple manometer. However, 
a central venous catheter is usually connected to the 
same type of transducer and flush system described for 
arterial cannulae. This provides a continuous readout 
of pressure, allowing the effect of infusions of fluids to 
be assessed in real time. However, because the central 
venous pressure is low, great care is required to ensure 
that the pressure is measured relative to the correct 
zero point (the right atrium) on the patient (Fig. 16.6). 
Although a single reading of central venous pressure 
is of little diagnostic use, a change in response to fluid 
challenge is more useful. In general, if a fluid chal- 
lenge has little effect on the central venous pressure, 
the patient is likely to be hypovolaemic. In contrast, a 
marked increase in pressure indicates fluid overload. 
However, in unwell patients, the correlation between 
the CVP response to a fluid challenge and circulating 
volume is poor. Caution is required in using this prin- 
ciple to guide fluid therapy in hospitalized patients. 

Complications are infrequent but potentially seri- 
ous, and are shown in Table 16.6. 


Pulmonary Artery Pressure 


Although a central venous cannula may be used to 
estimate venous volume, it measures the filling of the 
right side of the heart. However, cardiac output and 
systemic arterial pressure are determined primarily by 
the filling pressure of the left side of the heart. When 
introduced, the pulmonary artery flotation catheter 
(PAFC), with its ability to measure cardiac output and 
left atrial pressure, appeared to be a major advance. 
Recently, however, frequent complications, a lack of 


Lateral view 


4th interspace 


FIGURE 16.6 


TABLE 16.6 


Complications of Central Venous Catheterization 


Acute 


Arrhythmias 
Bleeding 


Air embolus 


Pneumothorax 


Damage to thoracic duct, oesophagus, carotid artery, stellate 
ganglion 


Cardiac puncture 


Catheter embolization 


Delayed 


Sepsis 


Thrombosis 


Cardiac rupture 


evidence of improved survival and the introduction 
of non-invasive techniques to estimate cardiac output 
have led to a decline in its use. The PAFC is also known 
as a Swan-Ganz or balloon tip catheter (Fig. 16.7). 

A PAFC isa long catheter with three or four lumens, 
and a thermistor near the tip. It is inserted into a neck 
vein through a large cannula. A flexible plastic sheath 
allows the catheter to be inserted, withdrawn and ro- 
tated after insertion without desterilizing it. After in- 
sertion into the superior vena cava, saline is injected 
to inflate a balloon at the tip. The pressure at the tip is 
measured via a transducer and displayed on a monitor. 
The catheter is then advanced slowly so that the blood 
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Mid-axillary line 


Surface markings used to identify the position of the right atrium. 


Inflated balloon 


Thermistor 


FIGURE 16.7 ® Distal end of a pulmonary artery catheter 
showing inflated balloon and thermistor. 


flow directs the catheter toward the pulmonary artery. 
As the catheter is advanced, a series of changes in pres- 
sure is observed, marking the progression through the 
right atrium and right ventricle into the pulmonary 
artery (Fig. 16.8). Eventually, the balloon ‘wedges’ into 
a pulmonary artery. At this point, the tip is isolated 
from the pulmonary artery and measures the pressure 
in the pulmonary capillaries, which is taken to reflect 
left atrial pressure. Although the ability to estimate left 
atrial pressure is useful, the interpretation of measure- 
ments is as problematic as for central venous pres- 
sure (see above). For the same reasons, measuring the 
changes after a fluid challenge is more useful than a 
single reading. 

The ability to measure the filling pressure of 
the left ventricle as well as the cardiac output was a 
major advance, and has led to many advances in 
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FIGURE 16.8 


our understanding of cardiac physiology and the 
mechanisms and treatments of diseases such as sepsis. 
However, the process of insertion described above is 
not always straightforward and prolonged manipula- 
tion may be needed to direct the catheter into the pul- 
monary artery. Arrhythmias are extremely common 
with catheter insertion and the technique carries all 
the risks of central venous catheterization noted above 
in addition to the risks shown in Table 16.7. 


Cardiac Output 


Cardiac output is closely linked to oxygen delivery; in 
addition, studies have shown that low cardiac output 
is linked to increased mortality. However, it must be 
remembered that cardiac output is intermittent and 
not continuous and that factors such as the pressure 
changes caused by ventilation (especially positive pres- 
sure ventilation), changes in heart rate and arrhyth- 
mias produce complex changes. Therefore, monitors 
do not produce consistent results even when synchro- 
nized with the heartbeat and respiratory cycle. 


TABLE 16.7 


Risks of Pulmonary Artery Catheterization 
(in Addition to those Shown in Table 16.6) 


Arrhythmias with catheter manipulation 


Damage to tricuspid and pulmonary valves 


Knotting of catheter 


Pulmonary infarction if balloon left inflated 


Pulmonary artery rupture with balloon inflation 


Cardiac rupture 
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Diagrammatic representation of pressure waveforms. 


Dilution techniques have been regarded as the ‘gold 
standard’ against which other methods are compared. 


The Fick Principle. The Fick principle defines flow by 
the ratio of the uptake or clearance of a tracer within 
an organ to measurements of the arteriovenous dif- 
ference in concentration. It may be used to measure 
cardiac output, notably when applied to oxygen up- 
take or indicator dilution, and also regional blood 
flow, e.g. cerebral blood flow using the uptake of ni- 
trous oxide, and renal blood flow from the excretion 
of compounds cleared totally by the kidney, such as 
para-aminohippuric acid. 

In subjects with minimal cardiac shunt and reason- 
able pulmonary function, pulmonary blood flow may 
be calculated from the ratio of the oxygen consump- 
tion and the difference in oxygen content between 
arterial and mixed venous blood, as follows: 


Pulmonary 
blood flow ~ 


oxygen consumption 


arteriovenous oxygen content difference 


Oxygen consumption from a reservoir is measured 
using an accurate spirometer, and oxygen content of 
blood requires a co-oximeter. The patient should be 
at steady state when the measurements are made, with 
constant inspired oxygen concentration and blood 
samples obtained slowly whilst the oxygen consump- 
tion is being determined. True mixed venous blood 
samples must be obtained from a pulmonary artery 
catheter, and alternative indicator dilution techniques 
described below are less demanding. The effects of 
ventilation and beat-to-beat variation in cardiac out- 
put are averaged over the long period of measurement 


of oxygen consumption. Errors in measurement of 
oxygen consumption limit the accuracy of this tech- 
nique (+ 10%). 


Indicator Dilution. An indicator is injected as a bolus 
into the right heart and the concentration reaching the 
systemic side of the circulation is plotted against time 
(Fig. 16.9). The average concentration is calculated 
from the area under the concentration—time curve di- 
vided by the duration of the curve. The cardiac output 
during the period of this measurement is the ratio of 
the dose of indicator to the average concentration. 
The general formula is: 


Cardiac 


indicator dose (units) x 60 
output = 


(Lmin) average concentration (units L) x time(s) 


The main problem with this technique is that when 
the dye has been measured at the artery it passes back 
to the heart and then back to the arteries (known as 
recirculation), making the calculations more complex. 
This may be circumvented by extrapolation of the 
early exponential downslope to define the tail of the 
curve which would have been recorded if recirculation 
had not occurred (Fig. 16.9). The area under the curve 
is calculated by integration. 


Concentration (arbitrary units) 


Time (2s intervals) 


> 


FIGURE 16.9 


THE CARDIOVASCULAR SYSTEM 329 


Chemical Indicator Dilution. Original studies used 
indocyanine green as the chemical indicator. It is non- 
toxic and has a relatively short half-life so that repeated 
measurements may be made. It also has a peak spectral 
absorption at 800 nm, which is the wavelength at which 
absorption of oxygenated haemoglobin is identical to 
that of reduced haemoglobin. The measurement is 
therefore not affected by arterial saturation. However, 
because the dye is cleared from the circulation only 
slowly, recirculation makes repeated measurements 
impossible. More recent monitors use an injection of 
lithium as a marker which is detected with a modified 
arterial catheter. 


Thermal Indicator Dilution. This technique requires 
a PAFC to be in the pulmonary artery. The principle of 
the method is similar to other indicator dilution meth- 
ods, but the injection and sampling are performed on 
the right side of the heart. A bolus of 10mL of saline 
at room temperature is injected into the right atrium 
and the temperature change is recorded by a thermis- 
tor at the tip of the PAFC in the pulmonary artery. The 
smaller the temperature drop, the larger is the cardiac 
output. The recorded temperatures generate an expo- 
nential dilution curve with no recirculation. The ‘heat 
dose’ is the product of the difference in temperature 


Concentration (arbitrary) logscale 
ARO ONDOS 


B Time (2s intervals) 


(A) Single injection indicator dilution curve showing distortion of downslope produced by recirculation. 


(B) Re-plot on semi-logarithmic paper. A=points taken from the downslope in A to establish the slope of the re-plot in 
B; O=points taken from B to plot tail of curve in A. (Reproduced with permisssion from Sykes, M.K., Vickers, M.D., Hull, CJ., 1991. 
Principles of clinimeasurement, third ed. Blackwell Scientific Publications, Oxford.) 
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between the injectate and blood multiplied by the 
density, specific heat and volume of the injectate. 
The average change in heat content is the area under 
the temperature-time graph multiplied by the den- 
sity and specific heat of blood. 

Thermal dilution techniques offer many advantages: 


m the indicator is cheap and non-toxic 

m repeated measurements may be made without 
accumulation of the indicator 

m arterial puncture and blood sampling are not 
required 

m absence of recirculation greatly facilitates mea- 
surement of the area under the curve, particu- 
larly in low output states. 


Disadvantages of thermal dilution include the 
following: 


m invasive and expensive pulmonary artery cath- 
eterization is required: the mortality associated 
with PAFC use may outweigh improvements in 
care 

m the thermistor probe must be matched to the car- 
diac output processor 

m mixing of the large bolus with venous blood may 
be incomplete 

m pulmonary artery flow varies more with ventila- 
tion than does systemic flow 

m corrections are required, e.g. for changes in in- 
jectate temperature during injection through the 
catheter 

m time-consuming: three separate readings are re- 
quired to produce a reliable mean result, and the 
procedure needs to be repeated after each change 
of therapy. 


The measurement of cardiac output using both dye 
and thermodilution is now automated with computer- 
controlled sampling, calculation of indicator dilution 
curves, rejection algorithms for artefacts or curves 
which are not exponential, and on-line calculation of 
cardiac output. 

‘Continuous’ cardiac output monitors have also 
been introduced. These use a similar principle, but in- 
stead of using a bolus of cold saline, the catheter has 
an electrical coil which is heated at intervals, creating 
a bolus of warm blood which passes into the pulmo- 
nary artery. This eliminates much of the operator error 
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and produces frequently updated measurements of 
cardiac output, allowing the effect of interventions to 
be observed. 

Monitors have also been developed which do not 
require a pulmonary artery catheter, but use a bolus 
of iced saline injected into a modified central venous 
catheter and a peripheral arterial catheter with a built- 
in thermistor (e.g. the PiCCO monitor). 

Most of the current monitors allow cardiac output 
data to be integrated with other measurements such 
as arterial pressure to provide calculated values of, for 
example, systemic vascular resistance and stroke volume. 
This aids the choice and administration of drugs such 
as vasoconstrictors. 


Pulse Contour Analysis. The shape of the arterial pulse 
(the pulse contour) is a product of the rate of ejection 
of blood into the aorta and the elasticity of the arterial 
tree. Therefore, if some assumptions are made about 
the arterial tree, the volume ejected at each heartbeat 
(stroke volume) may be calculated from the shape of 
the arterial pulse contour. Multiplying this by the heart 
rate provides an estimate of cardiac output. This sys- 
tem has the advantage of being able to calculate the 
cardiac output in near real-time using an arterial can- 
nula alone. 

However, the technique relies on assumptions on 
arterial tree elasticity which may not always be correct 
in every patient. Therefore, these systems often require 
calibration by another method such as thermodilution 
every 8—12h to ensure accuracy. The costs of the com- 
puter and consumables are also considerable. 


Doppler Ultrasonography. Ultrasound techniques can 
detect the shape, size and movement of tissue inter- 
faces, especially soft tissues and blood, including the 
echocardiographic measurement of blood flow and 
the structure and function of the heart. Sound waves 
are transmitted by the oscillation of particles in the di- 
rection of wave transmission and are defined by the 
amplitude of oscillation (the difference between ambi- 
ent and peak pressures) and the wavelength (distance 
between successive peaks) or frequency (inversely pro- 
portional to wavelength, the number of cycles per sec- 
ond). These characteristics are measured by a pressure 
transducer placed in the path of an oncoming wave. 
The human ear detects frequencies within the range of 


20-20 000 Hz. Diagnostic ultrasound uses frequencies 
in the range of 1-10 MHz. Short-term diagnostic use 
of ultrasound appears to be free from hazard. 


Generation and Detection of Ultrasound. Generation 
and sensing of ultrasound are performed by transduc- 
ers which are manufactured from ceramic materials 
containing lead zirconate and lead titanate which dis- 
play the piezoelectric effect: the generation of an elec- 
trical charge in response to mechanical pressure. These 
substances are cheap, easily shaped and very efficiently 
transform mechanical to electrical energy and vice versa. 
Pressure on the surface of these materials generates a 
related and measurable electric charge. Conversely, ap- 
plying a high-frequency alternating potential difference 
across the transducer changes the thickness and gen- 
erates pressure waves in the form of ultrasound of the 
same frequency as the applied voltage. 


Properties of Ultrasound. Shorter wavelengths and 
higher frequencies improve the resolution of distance, 
but tissue penetration is simultaneously reduced. 
Amplitude determines the intensity of the ultrasound 
beam, the number and size of echoes recorded and 
therefore the sensitivity of the instrument. Ultrasound is 
absorbed by tissues and reflected at tissue interfaces. The 
intensity of the beam decreases exponentially as it passes 
through tissue. Attenuation depends on the nature and 
temperature of the tissue, and is related linearly to the 
frequency of the ultrasound. 

The reflection of the ultrasound beam from the 
junction between two tissues or from tissue—fluid or 
tissue—air interfaces forms the basis of the majority of 
diagnostic techniques. Reflections at most soft-tissue 
interfaces are therefore weak, but bone—fat and tissue— 
air interfaces reflect the majority of incident energy. 
Structures lying behind a bone or air interface cannot 
be studied using ultrasound. 

Ultrasound scanning techniques have been devel- 
oped which are suited to different applications and 
which have extremely sophisticated two-dimensional, 
real-time, brightness- and colour-modulated displays 
under microprocessor control. 


Detection of Motion by the Doppler Effect: Cardiac 
Output. When ultrasound waves reflect off an object 
moving towards the transmitter, there is an apparent 
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increase in frequency as the object encounters more os- 
cillations in a given time. This physical phenomenon is 
termed the Doppler effect. The change in frequency is 
proportional to the velocity of the object and two con- 
stants: the frequency of the transmitted ultrasound and 
the velocity of ultrasound in the medium. The velocity of 
the object can be calculated using the Doppler equation: 


(Fd x C) 


Velocity = ——————— 
eae) (2Ft x cos®) 


(Fd = change in Doppler frequency; C = speed of sound 
in medium; Ft = transmitted frequency; 8 = angle of 
probe relative to the flow of blood) 

In practice, a beam of ultrasonic waves is focused on 
the descending aorta and reflections from red cells are 
measured bya transducer in the same probe. Probes may 
be transthoracic (usually placed in the sternal notch) or 
placed in the oesophagus. The speed—time curve of the 
red cells (Fig. 16.10) is integrated to calculate the aver- 
age velocity over each cardiac cycle. The stroke volume 
can be calculated by multiplying the average velocity 
per cycle with an estimation of the cross-sectional area 
of the aorta (using pre-determined values based on 
population data, or estimated echocardiographically). 

Current Oesophageal Doppler Monitors derive the 
total cardiac output utilising a nomogram created by 
‘calibration’ of total left ventriculated Stroke Volume 
as measured by the pulmonary artery catheter against 
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FIGURE 16.10 ™ Display of an oesophageal Doppler car- 


diac output monitor showing the pulse waveform from which 
a variety of haemodynamic variables are derived. 
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descending aortic blood flow velocity and Stroke 
Distance as measured by the ODM. 

The advantage of these systems is that they produce 
an almost real-time reading of cardiac output so that 
changes in output in response to drugs or fluids are 
seen almost immediately, and so are a useful guide to 
further therapy, particularly fluid responsiveness. 

However, there are a number of problems with this 
technology. These systems are reliant on the ultrasound 
beam being directed at the centre of the aorta and the 
aorta being a smooth tube. In practice, even small move- 
ments of the sensor may lead to marked changes in read- 
ings because the speed of red cells near the aortic wall 
is measured. Furthermore, the aorta is not completely 
circular, may also contain atheroma, and the diameter 
(usually an estimate) can change by as much as 12% dur- 
ing systole. The Doppler shift also depends on the direc- 
tion of the ultrasound beam relative to the axis. Provided 
that the angle is less than 20°, the error in cardiac output 
is only about 6%. Conscious patients do not always tol- 
erate the more accurate oesophageal probes, and certain 
surgical procedures preclude their use (e.g. oesophagec- 
tomy surgery). Most machines now provide a visual (and 
audible) measure of signal strength to allow the user to 
identify when the probe has moved. 

Despite these limitations, these probes are very use- 
ful in high-risk patients who require relatively minor 
surgery because they may be used to monitor cardiac 
output during anaesthesia without the risks associated 
with the insertion of multiple intravascular catheters. 
They are also useful in patients undergoing surgery 
requiring precise control of intravascular volume and 
cardiac output. However, although they may be used 
to determine whether a change in therapy has had a 
positive or negative effect, they are unable to provide 
reliable estimates of cardiac output in absolute terms. 
Complications are rare. 


Transoesophageal Echocardiography. Transoeso- 
phageal echocardiography uses a miniaturized ul- 
trasonic probe inserted into the oesophagus under 
anaesthesia. It provides a real-time picture of all four 
cardiac chambers and valves. Its advantage is that it 
can identify any malfunctioning valves in addition to 
any wall-motion abnormalities related to myocardial 
ischaemia. It can also identify if therapy has success- 
fully treated the ischaemia. 
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However, these probes are expensive to purchase 
and require an operator who is trained both to use the 
equipment and to interpret the results. They are use- 
ful as patients come off bypass after cardiac surgery to 
ensure that both the myocardium and valves are func- 
tioning correctly. Through use of Doppler, they can 
also measure cardiac output. However, they remain 
suitable only for anaesthetized or sedated patients, and 
cannot provide prolonged continuous measurements. 
They are rarely used in non-cardiac surgery. 


Thoracic Electrical Bioimpedance. Tissue impedance 
depends on blood volume. Measurement of thoracic 
impedance provides an index of stroke volume. Two 
circumferential electrodes are placed around the neck 
and two around the upper abdomen. A small (<1 mA) 
constant, high-frequency (>1 kHz) alternating current 
is passed between the outer electrodes and the resulting 
potential difference is detected by the inner pair. This 
potential is rectified, smoothed and filtered to record 
voltage fluctuations which reflect changes in imped- 
ance due to ventilation and cardiac activity. The cardiac 
activity is extracted by signal-averaging relative to the 
ECG R wave. This represents changes in thoracic blood 
volume and clearly resembles the pulse waveform. 

Modern instruments show a modest agreement 
with invasive measurements of cardiac output, al- 
though trends and rapid changes in cardiac output 
are reliably demonstrated. This method is inaccurate 
when there are intracardiac shunts or arrhythmias, 
and underestimates cardiac output in a vasodilated 
circulation. 


THE RESPIRATORY SYSTEM 


Clinical 


Continuous visual monitoring of the colour and the 
pattern of ventilation of the patient are essential for 
safe anaesthesia. When the patient is breathing spon- 
taneously, observation should detect signs of airway 
obstruction, e.g. tracheal tug, paradoxical movement 
and failure of the anaesthetic reservoir bag to move. 
Maintenance of the airway in an anaesthetized 
patient is a skilled task. Although the introduction 
of supraglottic airways has led to a reduction in the 
frequency of need for airway skills, airway mainte- 
nance still remains one of the most basic tasks for the 


anaesthetist. Auscultation of the chest with a stetho- 
scope may confirm the presence of normal breath 
sounds and also detect additional sounds caused by 
secretions, oedema or bronchospasm. Although use- 
ful, clinical signs cannot reliably disprove oesophageal 
placement of a tracheal tube. 


Oesophageal Stethoscope 


This consists of a balloon-tipped catheter which may 
also carry a temperature probe. It is connected to ei- 
ther an earpiece or stethoscope and inserted into the 
patient’s oesophagus. The catheter is advanced until the 
heart sounds are maximal and then taped at the nose. 
It provides a constant monitor of both heart rate and 
ventilation and is said to be able to identify the charac- 
teristic ‘millwheel murmur’ of an air embolus. It is most 
often used in children. In addition to being inexpensive, 
it carries little morbidity and has the great advantage of 
forcing the anaesthetist to remain beside the patient. 


Respiratory Rate 


The rate may be timed clinically or more often de- 
rived from the capnograph. Many ECG monitors use 
the leads to pass a very small high-frequency alternat- 
ing current across the chest; the increase in electrical 
impedance (resistance to an alternating current) pro- 
duced by inhalation is measured and the respiratory 
rate calculated. 


Airway Pressure 


The lungs are damaged easily and although anaesthetic 
machines incorporate pressure relief valves, these are 
designed to protect the machine rather than the patient. 
Although electronic ventilators usually allow a maximum 
airway pressure to be set to protect the patient, excessive 
pressure may still be exerted by manual compression of 
the reservoir bag. The self-inflating bags used for resusci- 
tation are often capable of exerting extremely high pres- 
sures. As even transient peaks of pressure may lead to lung 
trauma or pneumothorax, a pressure monitor should be 
used whenever positive-pressure ventilation is used. 

As all ventilators now incorporate pressure moni- 
tors, separate airway pressure monitors are rarely used. 
Most ventilators include a pressure transducer in the 
form of a piezoelectric crystal that converts pressure to 
an electrical potential, which is then measured by the 
monitor and displayed. 


THE RESPIRATORY SYSTEM 333 


Although such monitors are both accurate and re- 
liable, it must be remembered that they measure the 
pressure within the monitor and not the airway pres- 
sure. Therefore, the measured pressure may not be 
reliable if a narrow tracheal tube, long breathing cir- 
cuit or high-frequency ventilation are used. High 
lung pressures may be a particular problem in obese 
patients, those positioned head down and those with 
bronchospasm. 

In devices without electronic components, such as 
ventilators used for transport, pressure is measured by 
devices in which the air pressure deforms a bellows or 
a metal tube. The deformation is linked to a needle 
with the pressure read from a scale. These are simple 
devices and are usually reliable, but are susceptible to 
damage by excess pressure. 


Measurement of Gas Flow and Volume 


The relationships between volume, flow and velocity 
are central to understanding gas flow and volume. 
Flow rate is defined as the volume passing a fixed point 
in unit time, i.e. volume per second. Integration of a 
continuous flow signal is the volume which has flowed 
over a defined period. Velocity is the distance moved 
by gas molecules in unit time. These are related directly 
and depend upon the cross-sectional area of flow: 


Velocity = flow rate /area 


The concept of velocity is important in flow mea- 
surement because several instruments measure the ve- 
locity of flow and not the flow rate. The velocities of 
all molecules in a gas or liquid are not the same. Axial 
streaming is characteristic of laminar flow (Fig. 16.11). 


FIGURE 16.11 = Velocity profile during laminar flow. 
Velocity is zero at the walls of the containing tube and maxi- 
mal in the axial stream. 
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Measuring Volume 


Measurements of gas volume depend on collecting the 
gases in a calibrated spirometer, or passing the gases 
through some type of gas meter. However, volume can 
also be derived from measuring gas flow. Gas flow when 
integrated over time produces a calculated volume. 


Spirometers 


Wet spirometers consist of a rigid cylinder suspended 
over an underwater seal and counterbalanced. Gas en- 
tering the bell causes it to rise. This linear displacement 
is proportional to the volume of gas. Wet spirometers 
are accurate at steady state and have been used to cali- 
brate other volume-measuring devices. However, they 
are bulky and inconvenient to use, and the frequency 
response is damped by friction between the moving 
parts, causing the instrument to under-read with rap- 
idly changing rates of flow. 

Dry spirometers are more convenient for clini- 
cal work. Gas displaces a rolling diaphragm or bel- 
lows and the expansion is recorded and related to gas 
volume. The ‘Vitalograph’ is a specialized type of bel- 
lows spirometer used for lung function testing. The 
patient makes a maximal forced exhalation into the 
spirometer through a wide-bore tube. The expansion 
of the wedge-shaped bellows is recorded by a stylus on 
a pressure-sensitive chart. The stylus moves across the 
x-axis (time) at a constant rate. The resultant plot rep- 
resents the volume-time plot of the patient’s expiration 
(Fig. 16.12). The FVC is the maximal volume expired. 


PEFR 
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FIGURE 16.12 ® Forced vital capacity (FVC), forced expira- 
tory volume in 1 second (FEV1) and peak expiratory flow rate 
(PEFR) can all be derived from the volume-time plot of the 
Vitalograph (Sykes et al 1991). 


CLINICAL MEASUREMENT AND MONITORING 


Understanding of technique and active cooperation of 
the patient are essential for accurate and precise record- 
ings. The patient must make an airtight seal with the 
mouthpiece and the nose is occluded with a nose clip. 
Expiration should be as forcible and rapid as possible. 
Several attempts are recorded. The highest value mea- 
sured is recorded because the technique is dependent on 
voluntary effort, which usually improves with practice. 


Gas Meters 


Dry gas meters are widely used in the gas industry and 
are used also in medicine, e.g. in some mechanical ven- 
tilators, to measure large volumes of gas. Displacement 
of bellows controls valves which alternately direct gas 
flow to fill and empty the bellows, and also drives the 
pointer on a calibrated recording dial. Irregularities 
within each cycle disappear when the meter has re- 
turned to the same position in the cycle; hence, accuracy 
of measurements improves with increasing multiples of 
meter volume. 


The Dräger Volumeter 


The volume of gas which flows through the Drager 
volumeter is related to the rotation of two light, inter- 
locking, dumbbell-shaped rotors. It is a simple meter 
and accurate when dry, but is affected by moisture. 


The Wright Respirometer 


This device contains a light mica vane which rotates 
within a small cylinder (Fig. 16.13). Inflowing air is 
directed on to the vane by tangential slits. Rotation of 
the vane drives a gear chain and pointer on a dial. This 
mechanism is described as inferential because it does 
not measure either the volume or the flow of all of the 
gas flowing through the device. It is calibrated for nor- 
mal tidal volumes and breathing rates by a sine wave 
pump. However, the meter seriously over-reads at high 
tidal volumes and under-reads at low tidal volumes be- 
cause of the inertia of the moving parts. 


Integration of the Flow Signal 


The flow signal from a rapidly responding flowmeter 
may be integrated electronically over time to calculate 
volume. However, the process of integration exagger- 
ates the effect of baseline drift; a small and insignificant 
change in the baseline of the flow signal may produce 
substantial and increasing error in the volume signal 


Mica vane 


FIGURE 16.13 


over time. This effect is minimized by limiting the dura- 
tion of integration, e.g. to a single tidal volume by reset- 
ting the integrator to zero at the end of each inspiration. 


Indirect Methods of Measuring Tidal Volume 


Methods which depend on measuring inspired or 
expired gases require a leak-free connection. This 
is feasible with tracheal intubation. A physiological 
mouthpiece and connection to the measuring appara- 
tus may change the pattern of breathing and is suit- 
able only for short-term use. Several indirect methods 
have been developed which enable tidal volume to be 
derived from measurements of chest wall movement. 


Pneumography. Pneumographs sense changes in chest 
and abdominal circumference. Non-elastic tapes are 
placed around the chest and abdomen and the ends 
are connected to a displacement sensor. The output 
may be calibrated to provide a tidal volume signal. 
However, these devices are sensitive to position and 
require frequent calibration. 


Respiratory Inductance Plethysmography. Respiratory 
inductance plethysmography uses a wire coil sewn into 
an elasticated strap. Expansion of the chest or abdomen 
increases the space between the coils and so alters the 
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Gas flow 


Diagrammatic representation of the mechanism of the Wright respirometer. 


inductance generated by a high-frequency alternating 
(AC) current. The change in inductance depends on 
the cross-sectional area enclosed by the coil, which is 
closely related to change in volume. Inductance pleth- 
ysmography has been used in various physiological 
studies to monitor postoperative respiratory depres- 
sion and to detect apnoea. 


Measuring Gas Flow 
Volume—Time Methods 


Flow rate may be calculated from spirometric measure- 
ments of volume of gas per unit time. These methods are 
accurate when corrected for temperature and pressure 
and are used widely to calibrate other flowmeters, but are 
slow, cumbersome and have limited clinical application. 

Most clinical methods are based on the relationship 
between pressure decrease and flow across a resistance — 
either a fixed pressure decrease across a variable orifice 
or a variable pressure change across a fixed orifice. 


Variable Orifice (Constant Pressure Change) 
Flowmeters 


The orifice through which gas flows enlarges with the 
flow rate so that the pressure difference across the ori- 
fice remains constant. This is the physical principle of 
the Rotameter. 
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FIGURE 16.14 ™ Physical principle of the Rotameter flow- 
meter. The weight of the bobbin is exactly opposed by the 
pressure drop across the cross-sectional area of the annular 
space around the bobbin. 


Rotameter. The Rotameter consists of a vertical glass 
tube inside which rotates a light metal alloy bob- 
bin (Fig. 16.14). The flow of gas is controlled by the 
fine-adjustment flow control valve at the bottom of 
the Rotameter, and when this is opened, the pressure 
of the gas forces the bobbin up the tube. The inside of 
the tube is shaped like an inverted cone, so that the 
cross-sectional area of the annular space exactly op- 
poses the downward pressure resulting from the 
weight of the bobbin. The pressure decrease remains 
constant throughout the range of flows for which the 
tube is calibrated and the bobbin rotates freely in the 
steady stream of gas. Each Rotameter must be calibrated 
for a specific gas. Laminar flow predominates at low 
flow rates and depends on the viscosity of gas. Turbulent 
flow increases at higher flow rates and the density of the 
gas becomes an important factor. Both density and vis- 
cosity of a gas vary with temperature and pressure, and 
each Rotameter must be calibrated for one specific gas 
in appropriate conditions. 


The Peak Flowmeter. This useful clinical instrument is 
capable of measuring flow rates up to 1000 L min". Air 
flow causes a vane to rotate or a piston to move against 
the constant force of a light spring. This opens orifices 
which permit air to escape. The position adopted by 
the vane or piston depends primarily on the flow rate 
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and on the area of the orifice which must be exposed to 
the air flow to maintain a constant pressure. The light 
moving vane or piston rapidly attains a maximum 
position in response to the peak expiratory flow. It 
is held in this position by a ratchet. The reading is 
obtained from a mechanical pointer which is attached 
to the vane or piston. 

Accurate results demand good technique. These 
devices must be held horizontally to minimize the ef- 
fects of gravity on the position of the moving parts. 
The patient must be encouraged to exhale as rapidly as 
possible. Consistency of repeated recordings suggests 
maximal effort and the peak expiratory flow rate is the 
maximum reading recorded. 


Variable Pressure Change (Fixed Orifice) 
Flowmeters 


The resistance is maintained constant so that changes 
of flow are accompanied by changes in pressure across 
the resistance element. 


Bourdon Gauge Flowmeter. A Bourdon gauge is used 
to sense the pressure change across an orifice and is 
calibrated to the gas flow rate. These rugged meters 
are not affected by changes in position and are useful 
for metering the flow from gas cylinders at high ambi- 
ent pressure. Back-pressure causes over-reading of the 
actual flow rate. 


Pneumotachograph. The pneumotachograph mea- 
sures flow rate by sensing the pressure change across 
a small but laminar resistance. Careful design ensures 
that the differential manometer senses the true lateral 
pressure exerted by the gas on each side of the resis- 
tance element (Fig. 16.15). The differential manometer 
needs to be very sensitive to record the tiny changes in 
pressure across the resistance and transduce them to a 
continuous electrical output. This signal may be inte- 
grated to give volume and the manometer must have 
good zero and gain stability. 

Pneumotachographs are sensitive instruments 
with a rapid response to changing gas flow and are 
used widely for clinical measurement of gas flows in 
respiratory and anaesthetic practice. However, prac- 
tical application requires frequent calibration and 
correction or compensation for differences in tem- 
perature, humidity, gas composition and pressure 
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FIGURE 16.15 = The Fleisch pneumotachograph. 


changes during mechanical ventilation. They are also 
susceptible to particle blockage, particularly by water 
condensation. 


Other Devices for Measuring Gas Flow 


Measurements other than pressure change across an 
orifice have been used to measure flow. 


Hot-Wire Flowmeters. These employ the rate of cool- 
ing of a heated wire, which depends on the gas flow 
rate and is measured by sensing the change in temper- 
ature. It also depends on the thermal conductivity of 
the gas, which is affected by changes in the gas compo- 
sition and the presence of water vapour. This method 
is inexpensive, robust, reliable and works over a wide 
range of flows. However, it is not able to determine the 
direction of gas flow. 


Ultrasonic Flowmeters. These flowmeters use the 
vortex-shedding technique. Gas is passed through a 
tube containing a rod 1-2 mm in diameter, mounted at 
right angles to the direction of gas flow. Vortices form 
downstream of the rod, the number of vortices formed 
being directly related to the flow rate. The vortices 
are detected using ultrasound and integrated to give 
a volume signal. Measurement is not affected greatly 
by temperature, humidity or changes in gas composi- 
tion. A critical flow rate is required for the formation 
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of vortices and the flowmeter is most accurate when 
the tidal volume is large. 


GAS AND VAPOUR ANALYSIS 


Measurement of the concentration of gases and va- 
pours in anaesthetic breathing systems is vital to 
prevent hypoxaemia and ensure the delivery of anaes- 
thetic agents. 


Chemical Methods 


Chemical methods are important historically for mea- 
surement of oxygen and carbon dioxide concentra- 
tions. They involve the removal of fractional volumes 
from the gas phase by chemical reactions to non- 
gaseous compounds, the fractional concentration being 
determined by the reduction in volume which occurs: 


Fractional 
concentration 


_ reduction in gas volume 


original volume 


Several types of apparatus have been described, e.g. 
the Haldane. Carbon dioxide is absorbed in a strongly 
alkaline potassium hydroxide solution. Subsequently 
oxygen is absorbed in alkaline pyrogallol or sodium 
anthraquinone. 


Physical Methods 


In contrast with chemical methods, instruments based 
on the physical properties of a gas or vapour are con- 
venient, responsive and more suitable for continuous 
operation. 

Speed of response of the system is determined by 
two components: 


m Transit time required for the sample to flow along 
the sampling catheter usually accounts for the 
greater part of the total delay. It is minimized by 
using a narrow and short sampling catheter with 
a rapid sampling flow rate. 

m Response time required for the instrument to 
react to the change in gas concentration. It 
consists of the time required to wash out the 
analysis cell and delays imposed by the sensing 
mechanism. 


Zero drift and variations in gain are common problems 
and most gas analysers have to be calibrated frequently, 
ideally against gas mixtures of known composition. 
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Non-Specific Methods 


Non-specific methods use a property of the gas which 
is common to all gases, but which is possessed by each 
gas to a differing degree. 


Thermal Conductivity 


A gas with a high thermal conductivity conducts heat 
more readily than one with a low conductivity. In the 
katharometer, gas is passed over a heated wire and the 
degree of cooling of the wire depends on the tempera- 
ture of the gas, the rate of gas flow and the thermal 
conductivity of the gas. The reduction in temperature 
of the wire reduces its resistance and produces an elec- 
trical signal related to the gas concentration. In clinical 
practice, katharometers are usually used for the mea- 
surement of CO, and He, and as detectors in gas chro- 
matography systems. 


Refractive Index: Interference Refractometers 


The speed of light slows through transparent materi- 
als to a degree determined by the refractive index of 
that substance. The delay caused by the passage of light 
through the gas depends on the number of gas mol- 
ecules present; hence the refractive index also depends 
on the pressure and temperature of the gas. This ex- 
tremely small delay is measured using the phase lag by 
the principle of interference. When light waves from a 
common source are passed through two linear slits in 
an opaque sheet and focused on to a screen, an inter- 
ference pattern is produced. Bright areas where light 
from the two sources in phase is reinforced alternate 
with dark bands where the light paths differ in length 
by half a wavelength, i.e. they are out of phase and at- 
tenuating each other. When a gas is introduced into 
one light path, it delays transmission of the light waves 
with a reduction in wavelength and an alteration in the 
position of the dark bands. If the refractive index of 
the gas is known, the change in position can be related 
to the number of gas molecules in the light path and 
hence to the partial pressure of the gas. Interference 
refractometers are calibrated using known concentra- 
tions of gas or vapour. The response is essentially lin- 
ear and remains stable after calibration. 

This method of analysis is used to calibrate flow- 
meters and vaporizers accurately. Portable devices are 
useful for monitoring pollution by anaesthetic gases 
and vapours. 
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Specific Methods 


Specific methods identify and measure a gas using 
some unique property and are particularly suitable for 
complex mixtures of gases. These methods include: 


= Magnetic susceptibility 

= Absorption of radiation 

m Mass spectrometry 

m Gas-—liquid chromatography. 


Their principles may be explored further by ref- 
erence to specific gases relevant to the practice of 
anaesthesia. 


Oxygen 


Oxygen concentration in a breathing system is mea- 
sured using either a fuel cell or a paramagnetic analyser. 

The fuel cell is the more common device. It con- 
tains a lead anode within a small container of elec- 
trode gel. When exposed to oxygen, the lead is 
converted to lead oxide, producing a small voltage 
which may be measured and amplified. Fuel cells are 
small, robust and reliable, although they require cali- 
bration at regular intervals. After a period of around 
6 months, they require replacement because the lead 
becomes oxidized. Accuracy is better than + 1% with 
a response time of <10s. 

The principle of the paramagnetic analyser is that ox- 
ygen molecules are attracted weakly to a magnetic field 
(paramagnetic). Most other anaesthetic gases are re- 
pelled by a magnetic field (diamagnetic). In the original 
analysers, a powerful magnetic field was passed across 
a chamber which contained two nitrogen-containing 
spheres suspended on a wire. When oxygen was in- 
troduced into the chamber, it tended to displace the 
spheres, causing them to rotate. The degree of rotation 
was measured to estimate the oxygen concentration. 

A fast differential paramagnetic oxygen sensor has 
been designed on the pneumatic bridge principle. The 
sample and reference gas are drawn by a common 
pump through two tubes surrounded by an electro- 
magnet alternating at 110 Hz. Pressure differences be- 
tween the two tubes are related to the paramagnetic 
properties of the sample and reference gases. The pha- 
sic changes in pressure are extremely small and mea- 
sured with a miniature microphone. The output of the 
device is linear, very stable and has a fast response time 
of less than 150 ms. 


These monitors are accurate, reliable and do not 
need frequent maintenance. The monitors measure the 
partial pressure of oxygen, but display oxygen as a per- 
centage. If the pressure within the circuit is increased, 
for example when a gas-driven ventilator is employed, 
they can overestimate the oxygen concentration. 


Carbon Dioxide and Anaesthetic Gases 


Absorption of Radiation. Infrared radiation (1-15 um) 
is absorbed by all gases with two or more dissimilar 
atoms in the molecule. Carbon dioxide, nitrous ox- 
ide and anaesthetic vapours absorb light at different 
wavelengths. Therefore, a cell is arranged with light 
sources on one side of a chamber and photoelectric 
cells on the other. Infrared light is dispersed through 
a prism or diffraction grating into a spectrum of dif- 
ferent wavelengths. The test gas is then passed through 
the chamber and the amount of light absorbed is mea- 
sured. The absorption spectrum is specific to each gas, 
and according to Beer-Lambert laws (see “Oximetry’), 
the amount of light absorbed is proportional to the 
concentration of the gas. In practice, the chambers 
have mirrors on each side so the light passes across the 
chamber many times to amplify the absorption. The 
chamber is also heated to avoid condensation. Accuracy 
is around 0.5% with a response time of <0.5 s. 

There are several sources of error with infrared 
analysis: 


m The absorption wavebands of different gases may 
be coincident. For instance, the peak absorption 
bands for carbon dioxide, nitrous oxide and 
carbon monoxide are at 4.3, 4.5 and 4.7 um re- 
spectively, and the absorption spectra inevitably 
overlap. Error is minimized by narrowing the 
band of infrared light 

= The phenomenon of ‘collision broadening’ de- 
scribes the apparent widening of the absorption 
spectrum of CO, by the physical presence of cer- 
tain other gases, notably N, and N,O. Correction 
factors have been described, but the error may 
be minimized by calibrating the instrument with 
similar background gas mixtures as the gas to be 
analysed 

m Absorption is related to the number of molecules 
in the absorbent gas in the cuvette, i.e. partial 
pressure. The reading is affected by changes in 
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atmospheric pressure, pressurization of a breath- 
ing system or variation in the resistance of the 
sampling flow line 

= Unexpected vapours, such as ethanol from an in- 
toxicated patient, may introduce errors. 


Modern gas analysers for clinical use are very sta- 
ble but require regular calibration of the zero point 
and scale. Accuracy at normal breathing frequencies 
also requires a satisfactory response time, typically a 
90% or 95% rise time less than 150 ms. Slow response 
is usually caused by blockage of the sampling line 
with condensation or sputum, or failure of the suc- 
tion pump. 

Most analysers pump a small flow of gas out of the 
breathing system to be analysed in the main moni- 
toring box, a ‘side stream’ system. This involves some 
delay while the gas is pumped to the monitor. The 
movement of gas may also reduce accuracy if mixing 
of inspiratory and expiratory gas occurs. In most cases, 
the sampled gas is passed into the scavenging system, 
but when low flows are required it may be returned 
to the breathing system. This arrangement allows the 
sensing chamber to be housed within a monitor, mak- 
ing it more robust. 

The alternative ‘main stream’ system places the 
sensing chamber in a connector within the patient 
breathing system and so reduces any delay in measure- 
ment. However, it also makes the sensor more prone to 
accidental damage. 

The carbon dioxide concentration in respired gases 
is displayed most often as a graph of concentration 
against time (capnogram). This provides visual con- 
firmation that the airway is patent and that ventila- 
tion is occurring. It also provides the only reliable 
guarantee after tracheal intubation that the tube is not 
in the oesophagus. 

At the start of expiration, the carbon dioxide con- 
centration is zero (dead space gas). The concentration 
then increases to a plateau level (alveolar gas). The 
end-tidal value of carbon dioxide concentration is 
used usually as a measure of the adequacy of venti- 
lation because it approximates to alveolar and there- 
fore arterial carbon dioxide partial pressure. However, 
when the respiratory rate is high, if tidal volume is 
low, if the sampling point is distant from the airway 
or if the gases tend to mix in the circuit, the ‘end-tidal’ 
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value tends to be artificially low. This may give the 
impression that the lungs are being hyperventilated. 
For these reasons, it is difficult to measure end-tidal 
carbon dioxide meaningfully in small children. This is 
also true in patients, often smokers, who have marked 
ventilation/perfusion mismatch; there is often a pro- 
longed upstroke on the capnograph trace and the 
relationship between end-tidal and arterial carbon 
dioxide tensions becomes less reliable (Fig. 16.16). If 
the capnograph trace does not appear to resemble a 
square wave, problems should be suspected and the 
arterial carbon dioxide partial pressure should be 
checked by blood gas analysis. 

If lung perfusion is compromised, either by a low 
cardiac output or by pulmonary emboli or an air em- 
bolus, the end-tidal carbon dioxide tension decreases 
because carbon dioxide delivery to the lungs decreases. 
Paradoxically, arterial carbon dioxide partial pressure 
increases. Therefore, in situations where air emboli 
are likely, for example in neurosurgery, any alteration 
in end-tidal carbon dioxide should be investigated by 
blood gas analysis. 
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FIGURE 16.16 
connector of the tracheal tube. V/Q, ventilation/perfusion. 
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Although infrared analysers are used usually for 
measuring the concentration of anaesthetic agents, 
other methods are used occasionally either for calibra- 
tion or for complex analyses. 


Mass Spectrometry. Mass spectrometers are capable of 
separating the components of complex gas mixtures 
according to their mass and charge by deflecting the 
charged ions in a magnetic field. When a sample is 
introduced into a mass spectrometer, it passes into a 
vacuum where it is bombarded with high-energy elec- 
trons. These break up larger molecules and strip off 
their outer electrons. The resulting positively charged 
ions are then accelerated by a negatively-charged plate 
into a magnetic field. The magnetic field causes the 
moving particles to curve depending on how heavy 
they are (their mass:charge ratio). A row of sensors 
then measures the number of molecules and their 
sizes, in proportion to the partial pressure of the sam- 
pled gas. A mass spectrum is produced by relating the 
detector output on the y-axis (calibrated to concentra- 
tion of gas) to the accelerating voltage on the x-axis 
(calibrated to molecular weight). 

Some molecules may lose two electrons and become 
doubly charged — they behave like ions with half the 
mass. Some fragmentation of molecules also occurs in 
the ionization process, resulting in the production of a 
mass spectrum rather than a single peak for each mol- 
ecule. These secondary peaks may be used to advantage, 
e.g. in the identification and quantification of CO, and 
N,O, both of which share a parent peak at 44 Da, but 
produce secondary peaks at 12 and 30 Da, respectively. 

Mass spectrometers are expensive to purchase and 
maintain, but are extremely accurate, have a very short 
response time, use very small sample flow rates (ap- 
prox. 20mL min‘) and can identify a wide range of 
compounds. They may be sited centrally within large 
theatre complexes as part of a calibration and quality 
control system. 


Gas-—Liquid Chromatography. A gas chromatograph 
consists of two components: a column packed with in- 
ert beads covered in a thin film of oil (‘the stationary 
phase’), and a constant stream of inert gas which passes 
through the column. When a sample of gas is introduced 
at one end, the mixture passes into the column and past 
the oil. Insoluble gases tend to stay in the carrier gas and 


move through the column quickly, while soluble gases 
tend to dissolve in the oil, slowing their progress. At the 
other end of the column is a non-specific detector unit 
which yields an electronic signal proportional to the 
quantity of each substance present. Commonly used 
detectors include katharometers, flame ionization and 
electron capture detectors. Thus, any gas may be identi- 
fied by the time it takes to pass through the column and 
its quantity measured by the detector unit. Their chief 
advantage is the ability to identify the components in a 
mixture of unknown compounds. 

In addition to gas analysis, the gas—liquid chromato- 
graph may be used to analyse blood samples contain- 
ing volatile or local anaesthetic agents, anticonvulsants 
and intravenous anaesthetic drugs. 


Raman Scattering. Passing a high-powered laser through 
a sample of gas causes a scattering of light of different 
wavelengths in a process known as the ‘Raman effect. The 
change in wavelength is characteristic of the molecule un- 
der study. Thus, sensors placed at the side of the chamber 
may detect this radiation and identify the gases present. 
The size and complexity of this technique have restricted 
its use. 


BLOOD GAS ANALYSIS 
The Glass pH Electrode 


A potential difference is generated across hydrogen 
ion-sensitive glass depending on the gradient of hy- 
drogen ions. The hydrogen ion concentration within 
the pH electrode is fixed by a buffer solution, so that 
the potential across the glass is dependent on the hy- 
drogen ion concentration in the sample (Fig. 16.17). 
Measurement of this potential gradient is com- 
plicated by the difficulty in making stable electrical 
contact with the sample and buffer solutions. Two 
silver:silver chloride electrodes generate an electrode 
potential, but this is constant at a fixed temperature 
and provides a stable electrical connection with the 
buffer solution in the pH electrode, and with a po- 
tassium chloride solution in the reference electrode 
separated from the test sample by a semi-permeable 
membrane. The potential difference between the elec- 
trodes is determined by the pH of the test solution and 
the temperature, and is calibrated using two phos- 
phate buffers of known and fixed pH. Careful daily 
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FIGURE 16.17 ™ Component parts of the pH electrode. 


(Reproduced from the Radiometer Reference Manual. Permission from 
Radiometer A/S, Akandevej 21, DK-2700 Bronshoj, Denmark.) 


calibration is required to maintain accuracy and the 
electrodes must be regularly cleaned of protein depos- 
its. Reliable measurement of blood pH also depends 
on the quality of the blood sample, which must be free 
from air bubbles, heparinized and analysed promptly. 

Dissociation of acids and bases is temperature- 
dependent and the electrodes and blood sampling 
channel are maintained at 37°C. The measured pH is 
then corrected to indicate the pH at the temperature 
of the patient. 


The CO, Electrode 


The main methods of measuring CO, tension in liq- 
uids are based on pH measurement: CO, equilibrates 
in solution with hydrogen and bicarbonate ions. A 
glass pH electrode is in contact with a thin layer of 
bicarbonate buffer. The buffer is trapped in a nylon 
mesh spacer and separated by a thin Teflon or silicone 
membrane which is permeable to CO, but not to blood 
cells, plasma or charged ions. 

The whole unit is maintained at 37°C. Carbon di- 
oxide diffuses from the blood into the buffer, and so 
changes the hydrogen ion concentration. The elec- 
trode is calibrated by equilibrating the buffer with two 
known CO, concentrations to establish the relation- 
ship between pH and PCO.. 


Oxygenation 


Oxygenation may be assessed by measuring the ten- 
sion, saturation or content of oxygen, the relationship 
between these three measurements being determined 
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by the shape and position of the oxyhaemoglobin dis- 
sociation curve. There are many causes of variations in 
both the shape and position of the curve and it is usu- 
ally necessary to measure the oxygen tension or satu- 
ration directly. Tension measurements are required 
for most respiratory problems, although saturation or 
content may be required for calculation of the percent- 
age shunt. 

Oxygen tension is usually measured using an oxy- 
gen electrode. Content is measured by vacuum extrac- 
tion and chemical absorption, by driving the O, into 
solution and measuring the increase in PO, or by a 
galvanic cell analyser. Saturation is determined by 
photometric techniques, involving the transmission or 
reflection of light at certain wavelengths. 


Oxygen Tension 


Oxygen Electrode: the Polarographic Method. The 
oxygen electrode (Clark) consists of a platinum wire, 
nominally 2nm in diameter, embedded in a rough- 
surfaced glass rod. This is immersed in a phosphate 
buffer which is stabilized with KCl and contained in an 
outer jacket which incorporates an oxygen-permeable 
polyethylene or polypropylene membrane (Fig. 16.18). 
A polarizing voltage of between 600 and 800mV is 
applied to the platinum wire and as oxygen diffuses 
through the membrane electro-oxidoreduction occurs 
at the cathode: 


O, +2H,O+ 2e =H,0O,+20H™ 


Corresponding oxidation occurs at the Ag:AgCl 
anode: 


4Ag > 4Ag* +4e7 
4Ag* + 4Cl > 4AgCl 


Thus a half cell is set up and a tiny current is gen- 
erated dependent on the oxygen tension at the plati- 
num cathode. The change in current is measured as 
a change in voltage using the same potentiometric 
circuit as the pH and PCO, measurement systems. The 
oxygen electrode may be used with gas mixtures or 
blood. Two-point calibration includes zero with an 
oxygen-free reference gas or an electronic zero with no 
electrode output, and the second point with 12% O.. 
Temperature control is important and the electrode 
is maintained at 37°C. Accuracy is compromised by 
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FIGURE 16.18 = The oxygen electrode. (Reproduced from the 


Radiometer Reference Manual. Permission from Radiometer A/S, 
Akandevej 21, DK-2700 Bronshoj, Denmark.) 


protein deposits or perforation of the delicate plastic 
membrane, which must be inspected regularly. Oxygen 
continues to be consumed in blood samples, which 
should be taken anaerobically, heparinized and an- 
alysed promptly. 


Galvanic or Fuel Cell. Galvanic cells convert energy 
from an oxidation-reduction chemical process into 
electrical energy. The potential generated is dependent 
on the oxygen concentration. 

A gold mesh cathode catalyses the reduction of 
oxygen by reaction with water to hydroxyl ions, while 
lead is oxidized at the anode. Unlike the oxygen elec- 
trode, no battery is required. The reaction in the fuel 
cell generates a potential gradient. The chemical reac- 
tion uses up the components of the cell, so that its life 
depends on the concentration of oxygen to which it is 
exposed and on the duration of exposure: in practice, 
6-12 months. Fuel cells are widely used in reliable and 
portable oxygen analysers which incorporate a digital 
readout and audible alarms. These are cheap and re- 
quire little maintenance. Inaccurate responses to cali- 
bration with oxygen and air suggest that the fuel cell is 
exhausted and should be replaced. 


Transcutaneous Electrodes. Transcutaneous elec- 
trodes are non-invasive and used extensively for moni- 
toring neonatal blood gas tensions. The electrodes are 
based on principles similar to those used in blood gas 
analysers but also incorporate a heating element. The 
electrode is attached to the skin to form an airtight 
seal using a contact liquid and the area is heated to 
43°C. At this temperature, the blood flow to the skin 
increases and the capillary oxygen diffuses through the 
skin, allowing measurement of the diffused gases by 
the attached electrode. The values obtained from the 
transcutaneous electrode are lower than those from a 
simultaneous arterial specimen. Many factors affect 
the transcutaneous measurement of oxygen tension, 
including the skin site and thickness. Most impor- 
tantly, the electrode depends on local capillary blood 
flow and under-reads in the presence of hypotension 
and microcirculatory perfusion failure. Problems oc- 
cur with surgical diathermy; the heating current circuit 
provides a return path for the cutting current which 
may cause the transcutaneous electrode to overheat. 

Other methods of measuring oxygen tension in blood 
include mass spectrometry and optodes, which employ 
the quenching of fluorescence from illuminated dye. 


Oxygen Content 


The total amount of oxygen in blood may be measured 
directly, but this is technically demanding and rarely 
used. The van Slyke technique uses a chemical and 
volumetric or manometric analysis of oxygen content. 
Oxygen is driven from a small sample by denaturing 
the haemoglobin with acid. The volume of gas at atmo- 
spheric pressure, or the pressure at constant volume, 
is recorded before and after the chemical absorption 
of oxygen. The change is related directly to the oxy- 
gen content of the fixed volume of blood. Alternative 
detectors have been used to measure oxygen displaced 
from haemoglobin, e.g. a galvanic cell. 

These time-consuming and operator-dependent 
laboratory techniques have been replaced by calcu- 
lation of oxygen content from measurements of the 
oxygen saturation of haemoglobin, haemoglobin con- 
centration and the tension of oxygen in blood: 


Oxygen content 


= -1 
of blood (mL dL) ~ [ So, (%) x Hb (gdL-") x 1.34] 


+[0.0225 x Po, (kPa) | 
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Accurate estimates require that the oxygen satu- 
ration of haemoglobin is measured directly, and not 
calculated from oxygen tension and an arbitrary but 
unmeasured oxyhaemoglobin dissociation curve. 


Oximetry: Measurement of Oxygen Saturation 


In Vitro Oximetry. Oximetry relies on the differing 
absorption of light at different wavelengths by the var- 
ious states of haemoglobin. The absorption of radia- 
tion passing through a sample is measured. The degree 
of absorption of light, defined by the ratio of incident 
to emergent light intensities on a logarithmic scale, is 
proportional to the concentration of the molecules 
absorbing light (Beer’s law) and the thickness of the 
absorbing layer (Lambert’s law). 

Oxyhaemoglobin and deoxyhaemoglobin differ at 
both the red and infrared portions of the absorption 
spectrum (Fig. 16.19). The differential absorption of 
two wavelengths of red and infrared light permits the 
calculation of the ratio of the concentrations of oxy- 
genated and reduced haemoglobins. Additional wave- 
lengths are added in co-oximeters for the calculation 
of the proportions of other species of haemoglobin, 
such as carboxyhaemoglobin and methaemoglobin, 
and the absolute absorbance is used to estimate total 
haemoglobin concentration from the sum of the vari- 
ous haemoglobins. This is important in measurements 
of oxyhaemoglobin for use in the calculation of oxy- 
gen content. 

Commercial co-oximeters draw a small blood 
sample which is haemolysed before entering a cuvette. 
Light is filtered to produce monochromatic beams, 
shone through the cuvette and detected by a photo- 
cell. The absorption by the sample is the difference 
in the intensity of incident and transmitted light and 
both must be measured. Spectrophotometers apply a 
double-beam technique which improves the accuracy 
and precision. Light from the monochromator is split 
into two beams, which pass through the test sample or 
a reference sample. Photocells generate two signals cor- 
responding to the sample and the reference light inten- 
sities. Electronic processing compares the two signals 
and generates an output proportional to the difference. 
This greatly improves the signal-to-noise ratio because 
any variation which affects both the sample and refer- 
ence beams equally is ignored and the difference re- 
mains constant. 
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FIGURE 16.19 


The saturation of mixed venous blood may be 
measured using an oximeter incorporated into a pul- 
monary artery catheter. Fibreoptic cables transmit 
incident light of at least two wavelengths, and carry 
reflected light from red blood cells back to a detector. 

The same spectrophotometric principles used by 
co-oximeters in vitro on haemolysed blood samples 
have been applied to patients in vivo. 


Pulse Oximetry. Light transmitted through tissues is 
absorbed not only by arterial blood but also by other 
tissue pigments and venous blood. However, the varia- 
tion in light absorption with each pulse beat results 
almost entirely from pulsatile arterial blood flow. Two 
light-emitting diodes — red (660 nm) and infrared 
(940 nm) — shine light through a finger or earlobe and 
a photocell detects the transmitted light. The output of 
the sensor is processed to display a pulse waveform and 
the arterial oxygen saturation. 

The pulse oximeter progresses through the follow- 
ing steps. 


1. The sensor first measures the ambient light and 
subtracts this value from all other measure- 
ments. This implies that sudden changes in am- 
bient light levels, e.g. after drapes are moved, 
may cause transient errors. 

2. An LED is turned on and off rapidly. The ab- 
sorption of transmitted light is then measured 


Absorption spectra of reduced (HHb) and oxygenated (HbO,) haemoglobin. 


and the variations with time are recorded. The 
result is a waveform with a trough as blood flows 
into the finger (more absorption) during systole 
and a peak as blood flows into the veins in di- 
astole. The monitor requires around eight heart- 
beats to make a calculation and then assumes 
the frequency of this waveform is the heart rate. 
Frequent ectopic beats or atrial fibrillation may 
lead to a delay in calculation or unreliable results. 


. The monitor then analyses the measurements 


and splits the absorption into two components. 
The fixed or unchanging absorption is assumed 
to result from tissues such as skin, muscle and 
bone (Fig. 16.20). The varying absorption is then 
assumed to be caused by arterial blood moving 
into the tissue. In situations such as hypoten- 
sion, hypovolaemia or hypothermia, pulsation 
may be reduced to a point at which the monitor 
is not able to make any calculations and it fails to 
read. When a patient is on cardiac bypass the tis- 
sues are perfused, but if the flow is non-pulsatile, 
pulse oximeters cannot provide a reading. 


. Steps 1-3 are repeated sequentially using light 


of at least two different wavelengths at around 
120 Hz. When the absorptions of each different 
wavelength are known, the proportion of oxy- 
genated and deoxygenated haemoglobin may be 
calculated. The measurements are processed and 
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FIGURE 16.20 = Schematic representation of the contribu- 
tion of pulsatile arterial blood, non-pulsatile blood and tis- 
sues to the absorbance of light. 


a new value displayed around every 8s. Whilst 
improving reliability, this averaging introduces 
delay. Another source of delay is circulatory, de- 
pendent on the distribution of blood from the 
lungs to the tissues. The response time can ex- 
ceed 1 min in normal subjects, and is exagger- 
ated by low cardiac output or vasoconstriction. 


Pulse oximeter calculations are based on the assump- 
tion that the blood contains only normal haemoglobin 
and that no abnormal light-absorbing substances (dyes) 
are present. For example, if the patient has breathed 
carbon monoxide, the monoxycarboxyhaemoglobin 
(as it has a similar absorption spectrum) is measured as 
oxyhaemoglobin. The result is that the pulse oximeter 
reading in patients suffering from carbon monoxide 
poisoning is usually close to 100%, even though they 
have severe hypoxaemia. The use of intravascular dyes 
as markers, or even nail varnish, may produce unpre- 
dictable results. Lastly, if the probe slips partially off 
the patient, some light passes directly from the LEDs to 
the light sensor and also through the sensor. This also 
causes unreliable readings. 

Pulse oximeters provide rapid, non-invasive mea- 
surement of pulse rate and an estimate of oxygen 
saturation. The pulse oximeter has become one of the 
most widely used monitors and is particularly useful 
in situations in which it is difficult to identify cyano- 
sis, e.g. if light levels are low, in pigmented patients 
and in areas where access is difficult such as CT/MRI 
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TABLE 16.8 


Disadvantages of Pulse Oximetry 


Damage to skin caused by pressure from probe 


Failure to detect hypoxaemia in carbon monoxide poisoning 


Failure to detect hypoventilation 


Slow response times: instrument and circulatory delay 


Signal quality adversely affected by hypoperfusion 


Inter-instrument variability 


scanners. Pulse oximeters are also used to measure 
the oxygen saturation in patients with intermittent 
respiratory problems, e.g. postoperative patients and 
those with sleep apnoea. Advances in technology have 
resulted in several small battery-powered devices be- 
coming available for out-of-hospital use. Calibration 
points between 80% and 100% are derived from 
volunteer studies, and accuracy of pulse oximeters is 
around + 2% above an oxygen saturation of 70%. 
Accuracy below 70% is not known precisely, be- 
cause it is not ethical to conduct trials at these levels. 
It is important to note that, especially when oxygen 
therapy is used, normal oxygen saturation does not 
equate to normal ventilation. For example, in opioid 
overdose, hypoventilation may lead to potentially fatal 
hypercapnia without any decrease in oxygen satura- 
tion if the patient is breathing a high concentration of 
oxygen. Complications are rare. The major drawbacks 
and source of error of pulse oximetry are summarized 
in Table 16.8. 


THE NERVOUS SYSTEM 


The best monitor of cerebral function is the patient, 
who is able to report symptoms such as numbness, 
loss of function or pain. During general anaesthesia, 
this monitoring function is lost and it is possible for 
patients to develop major neurological deficits dur- 
ing anaesthesia which become evident only during 
the recovery phase. For example, patients who have 
suffered head trauma may develop undiagnosed cere- 
bral oedema under anaesthesia if appropriate moni- 
toring, such as intracranial pressure measurement, 
is not used. During procedures which carry a high 
risk of ischaemia or seizure activity, such as carotid 
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endarterectomy, this problem may be avoided by per- 
forming the procedure under local anaesthesia; how- 
ever, this may not always be acceptable to patients or 
possible because of unrelated medical problems. In 
general, therefore, patients at risk of cerebral mal- 
function should be given general anaesthesia only if 
there is no alternative. 

When general anaesthesia is used, estimating the 
‘depth of anaesthesia’ has traditionally been a func- 
tion of the anaesthetist using clinical signs such as 
heart rate, blood pressure, sweating and pupillary 
dilatation. Unfortunately, especially in the presence 
of autonomic neuropathy, such clinical signs are not 
reliable enough to avoid the risk of awareness during 
surgery. 

It should be noted that there is no widely accepted 
definition of what ‘anaesthesia’ represents. Although 
it may be characterized in terms of lack of percep- 
tion, lack of responsiveness and inability to recall, 
these are all poorly defined concepts. Therefore, no 
monitor can measure ‘depth of anaesthesia’ in the 
same way as is possible, for example, with arterial 
pressure. Further, what is required is not a monitor 
which can detect awareness, but a monitor which can 
predict the onset of awareness and allow the anaes- 
thetist to act before awareness occurs. Another rea- 
son to measure depth of anaesthesia is the ability to 
ensure that each patient receives only the minimum 
amount of anaesthetic required to maintain uncon- 
sciousness. This may have the potential to greatly 
reduce the side-effects of anaesthesia and improve 
recovery time. 


Depth of Anaesthesia 
The Isolated Forearm Technique 


In this method, a patient is anaesthetized, and then a 
tourniquet is applied to the upper arm and inflated to 
above systolic arterial pressure. A muscle relaxant is 
then administered (if required as part of the appro- 
priate anaesthetic technique). Because the tourniquet 
prevents the muscle relaxant passing to the arm, the 
forearm muscles still function and are supplied by 
nerves passing under the tourniquet. If awareness oc- 
curs, the patient is able to signal by moving the fore- 
arm. Unfortunately, the technique signals only that the 
patient is already awake and its duration is limited by 
the ischaemia caused by the tourniquet. 


CLINICAL MEASUREMENT AND MONITORING 


The electroencephalogram and evoked potentials 


The electroencephalogram (EEG) is a small, complex 
signal which is recorded usually from at least four 
electrodes fixed to specially prepared sites around 
the head. It has an amplitude of 50-200 uV and a fre- 
quency content which is classified conventionally into 
four categories: 


m delta waves: 0—4 Hz 

m theta waves: 4—8 Hz 

m alpha waves: 8-13 Hz 

m beta waves: 13 Hz and above. 


The spiking, transient depolarization, then repolar- 
ization, of action potentials in neurones in the brain 
is sufficiently asynchronous and transient to be unre- 
cordable from the scalp or surface of the brain. It is be- 
lieved that the EEG is generated by the summation of 
synchronous postsynaptic potentials on the dendrites 
of sheets of large and symmetrically arranged pyrami- 
dal cells in cortical layers HI and IV. Recording of these 
microvolt signals with acceptable levels of artefact and 
interference is difficult. Visual analysis of EEG record- 
ings is subjective and requires experience. 

The complexity of the raw EEG signals makes its use 
in the operating theatre impractical. Cerebral function 
monitors using fewer electrodes have been developed 
which average the EEG signal, but have been shown 
to be unreliable in monitoring depth of anaesthesia. 
However, the Cerebral Function Analysing Monitor 
(CFAM) has found a role in neurosurgery, and in other 
specialities in which monitoring cerebral function is 
crucial. For example, sedated and paralysed patients are 
unable to display classical tonic-clonic activity during 
generalized seizures. CFAM enables clinicians to detect 
seizure activity in neurosurgical intensive care patients 
and titrate sedation against burst-suppression of the 
EEG. Two symmetrical pairs of EEG electrodes are 
placed on either side of the patient’s head. The monitor 
then analyses the EEG amplitude and the frequency of 
the waveforms into delta, theta, alpha and beta waves as 
well as displaying wave suppression information. 

Two further methods make the EEG signal easier 
to interpret, based on spectral analysis. The principle 
is that any complex wave may be broken down into a 
series of sine waves. Fast Fourier analysis produces an 
output in terms of the proportion of each frequency 
which contributes to the total signal. Bispectral analysis 


uses relationships between the phase and power of dif- 
ferent frequencies within the original signal. 

Initial attempts using spectral analysis showed that 
general anaesthesia produces a reduction in the mean 
frequency and spectral edge (frequency below which 
95% of activity occurs). Ultimately, increasing doses of 
anaesthetic drugs produce a suppressed or isoelectric 
EEG. Unfortunately, these changes have not proved to 
be reliable as a measure of depth of anaesthesia. 

The bispectral index (BIS monitor) is a number 
from 100 (awake) to 0 (deeply anaesthetized) produced 
by a commercially available monitor. Although the ex- 
act methods used have not been published, it identifies 
patterns within 30-s periods of EEG recording by first 
excluding episodes likely to be produced by diathermy 
or muscle activity, and periods of burst suppression. 
The remaining activity is subjected to bispectral analy- 
sis with the final result adjusted to take account of the 
proportion of suppressed EEG. It appears to provide 
reliable measurements in clinical use. However, it is not 
clear how factors such as different anaesthetic agents, 
hypoxaemia or epileptic activity affect the results. 


Auditory Evoked Potentials 


Auditory evoked potential monitors measure the slow- 
ing of auditory information processing produced by 
anaesthetic agents. The patient wears headphones 
which repeatedly play soft ‘clicks. Each click produces 
neuronal activity in the auditory cortex. While the 
signal from a single click is masked by other brain ac- 
tivity, the signal from repeated clicks can be averaged 
to isolate the auditory signal. The activity in the audi- 
tory cortex may therefore be displayed as the auditory 
evoked potential, which has a characteristic waveform 
(Fig. 16.21). The time delay for some waves can then 
be measured and the result converted into a value typi- 
cally from zero to 100, reflecting depth of anaesthesia. 
The equipment cannot be used in patients who have 
impaired hearing and may require several seconds to 
generate enough data to process. Monitors using this 
principle are commercially available, but have yet to be 
used widely. Equipment using either visual or somato- 
sensory stimulation has also been developed. 


Other Techniques 


Respiratory sinus arrhythmia is the normal varia- 
tion in heart rate related to the respiratory cycle. This 
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variability is reduced by anaesthesia and has formed the 
basis of a commercially available monitor. However, it 
has not achieved widespread use. 

Monitors based on physiological measures such as 
frontalis muscle myography and lower oesophageal 
contractility have not proved reliable enough for clini- 
cal use. 


Intracranial Pressure 


Intracranial pressure (ICP) is frequently measured in 
neurointensive care units, and forms the basis of neu- 
roprotective treatment strategies in brain injuries. The 
principle is similar to measurement of vascular pres- 
sure: an invasive device is connected via a rigid fluid- 
filled column to an electromechanical transducer 
which enables display of the waveform on a monitor. 
Classically, this is achieved using a catheter inserted 
into the lateral ventricle - the ‘gold standard’ for ICP 
measurement. Alternatively, the subdural space can be 
used, although this provides a less accurate monitor 
of ICP. More modern systems are less invasive and use 
either a catheter-tip miniature transducer or a micro- 
chip sensor which sits within the parenchyma of the 
brain. These systems do not require a fluid-filled col- 
umn or an external transducer, so avoid errors of po- 
sitioning. However, they cannot be re-calibrated once 
inserted and do not necessarily reflect global ICP. 


Brain Oxygenation 


The crucial need to ensure brain oxygenation and 
the inability to monitor consciousness during an- 
aesthesia imply that an electronic monitor would 
be very valuable, especially during neurosurgery 
and in head-injured patients. Unfortunately, none 
of the currently available techniques has proved 
suitable for general use in the theatre environment. 
Their role is essentially limited to the neurosurgical 
Intensive Care Unit. 

Near-infrared spectroscopy (NIRS) uses a pulse ox- 
imeter probe attached to the patient’s head to detect 
light reflected from the brain. While the technique may 
be used in small children, whose skulls are thin, doubts 
remain in adults as to whether this technique reflects 
brain oxygenation or merely scalp blood flow. 

Transcranial Doppler involves a trained operator 
using a Doppler probe to measure the speed of red 
cells in cerebral arteries. It may detect vasospasm after 
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The auditory evoked response consists of a series of waves generated from specific anatomical sites in the 


auditory pathway as indicated. Activity passes from the cochlea through the brainstem to the cortex. 


subarachnoid haemorrhage, but has little use in rou- 
tine anaesthesia apart from during carotid endarterec- 
tomy when it may be used to demonstrate adequacy of 
blood flow in the circle of Willis during contralateral 
carotid artery clamping. 

Jugular venous oxygen saturation monitoring in- 
volves passing a catheter retrogradely up the internal 
jugular vein into the jugular venous sinus. A satura- 
tion of less than 55% indicates increased oxygen ex- 
traction and therefore relative ischaemia. It is a useful 
technique in the Intensive Care Unit but only mea- 
sures global perfusion and fails to detect small areas 
of ischaemia. It also does not inform the clinician as to 
whether a low saturation is due to inadequate oxygen 
supply or increased cerebral demand. 

Cerebral oxygenation can also be measured directly 
through the use of specialized intracerebral sensors. The 
Licox® PMO is a combined brain tissue oxygen and brain 
temperature monitor which detects regional changes 


in oxygenation. It is in essence a Clark polarographic 
electrode with a thermistor and sits within the brain 
parenchyma, ideally within the damaged but salvage- 
able region of tissue (the penumbra). Assuming the 
monitor is sited in the correct area, it is able to mea- 
sure regional oxygen tension accurately, although with 
a slight tendency to under-read. 

More recently, microdialysis catheters have been 
introduced. These comprise a catheter with a surface 
dialysis membrane, and a perfusion system which 
slowly circulates dialysis fluid within the catheter. The 
returning fluid is analysed, either remotely or continu- 
ously, for cerebral metabolites such as lactate, pyruvate 
and other indicators of cerebral stress such as gluta- 
mate and glycerol. The lactate/pyruvate ratio is useful 
as a marker of cerebral ischaemia. As with intraparen- 
chymal ICP monitors and the Licox system, the mea- 
surements are necessarily regional and dependent on 
accurate positioning of the catheter. 


TEMPERATURE 


The body is considered to have an inner core tempera- 
ture and an outer peripheral temperature. In reality, 
the temperature decreases with distance down limbs 
and proximity to the skin. The difference between 
core and peripheral temperatures is related strongly 
to the cardiac output and degree of vasoconstriction. 
In practice, a core-periphery difference of >2°C indi- 
cates a low cardiac output state and has been used as a 
marker of hypovolaemia. 

Commercial thermometers make use of several 
temperature-dependent phenomena. 


Direct Reading Non-Electrical 
Thermometers 


Liquid Expansion Thermometers 


Liquid expansion thermometers are simple, reliable in- 
struments. A glass bulb is filled with a liquid (generally 
alcohol or mercury) and connected to an evacuated, 
closed capillary tube. The temperature is recorded 
by the position of the meniscus in the capillary tube 
against a calibrated scale. If the cross-sectional area of 
the capillary tube is constant, movement of the menis- 
cus with changing temperature is linear. 

Several simple and elegant design features improve 
usability. A large bulb and very narrow capillary in- 
crease the sensitivity. Visibility of the narrow capillary 
is improved by shaping the thermometer so that the 
glass forms a lens and by incorporating a strip of white 
glass behind the capillary. A constriction in the capil- 
lary tube permits the mercury to expand but hinders 
its return to the bulb so that the reading is preserved 
until the mercury is shaken down. However, glass ther- 
mometers are fragile. A large thermal capacity results 
in a slow response. The instrument is handheld, awk- 
ward to read and reset, and cannot be used for remote 
measurement or recording. Traditional mercury-in- 
glass thermometers are no longer used because of the 
risk of breakage and mercury contamination. 


Chemical Thermometers 


Thermometers based on temperature-dependent 
changes in chemical mixtures have been marketed. 
Reversible chemical thermometers contain several 
cells filled with liquid crystals, each of slightly dif- 
ferent composition. At a critical temperature, the 
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optical properties change because of realignment of 
the molecules, causing reflection instead of absorp- 
tion of the incident light. An alternative technique 
consists of rows of cells filled with chemical mix- 
tures which melt at specific temperatures releasing a 
dye; this single-use, disposable design prevents cross- 
infection but is relatively expensive. 


Infrared Thermometers 


The amount of infrared radiation emitted by the 
tympanic membrane depends on its temperature, 
emissivity compared to a black body at the same 
temperature and the Stefan-Boltzmann constant. 
Infrared tympanic membrane thermometers based 
on this principle are in common clinical use. They are 
inserted into the external ear with the tip protected 
by a disposable sheath. They measure the infrared ra- 
diation produced from the eardrum and produce a 
digital readout in less than 3 s. Unfortunately, because 
of factors such as earwax and variations in the angle 
of insertion, results are less reliable than fixed probes 
and they cannot produce continuous readings. They are 
therefore used principally in recovery and ward areas. 


Remote Reading Instruments 


Temperature-dependent electrical properties may be 
incorporated into thermometers suitable for auto- 
mation (e.g. targeted temperature management sys- 
tems for therapeutic cooling of patients), and are also 
commonly used for monitoring peripheral and core 
temperature. 


Resistance-Wire Thermometers 


Resistance-wire thermometers are based on the prin- 
ciple that the resistance of some metal wires increases 
as their temperature increases. Platinum resistance 
thermometers have a large temperature coefficient 
of resistance and are very sensitive to small changes 
in temperature, but are fragile and slow to respond. 
Single-use probes which incorporate a tiny copper ele- 
ment have been marketed with an acceptable clinical 
accuracy and response time. 


Thermistor Thermometers 


Thermistors are semiconductors made from the 
fused oxides of heavy metals such as cobalt, man- 
ganese and nickel. They demonstrate marked and 
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non-linear variation in resistance with temperature, 
which is usually compensated by electronic process- 
ing. Disadvantages include inconsistent variation be- 
tween individual thermistors, change in resistance over 
time, and hysteresis during rapid heating and cooling. 
However, the large temperature coefficient permits the 
detection of small temperature changes and the tiny 
‘pin-head’ size results in a rapid response. They are 
used widely in invasive temperature monitoring, e.g. 
in pulmonary artery catheters. 


Thermocouple Thermometers 


If two dissimilar metals are joined to create an electri- 
cal circuit and the junctions are at different tempera- 
tures, current flows from one metal to the other. The 
potential difference which is generated is a function 
of the temperature difference between the two junc- 
tions. All junctions made from the same metals have 
identical properties. The reference junction must 
be kept at a constant temperature, or incorporate 
temperature compensation into the measurement. 
Common combinations of metals include copper- 
constantan or platinum-rhodium. The output is 
small (about 40mV per °C temperature difference 
between the junctions), but this is sufficient to be 
sensed by a galvanometer. 

Temperature probes using these properties can 
continuously measure peripheral and core tem- 
peratures. Peripheral temperature is measured by 
attaching a probe to either a finger or toe. Core tem- 
perature probes may be inserted into the nasopharynx, 
oesophagus or rectum, and although complications 
are rare, it is possible to cause mucosal trauma, bleed- 
ing and even penetration of the pharynx or rectum. 
When used for prolonged periods, mucosal damage is 
possible as a result of pressure-related ischaemia. Core 
temperature probes may also form part of an intra- 
vascular catheter, for example within a PAFC. Many 
monitors accept two probes and automatically display 
the temperature difference. Care must be taken to 
avoid the peripheral probe being exposed to warmth 
from heating blankets. 


Equipment Temperature 


The performance of some anaesthetic equipment is 
temperature dependent (e.g. vaporizers) and alterna- 
tive thermometric principles may be used. 
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Dial Thermometers 


Dial thermometers exploit the increase in pressure 
caused by the temperature-dependent expansion of 
a liquid or gas in an enclosed cavity. This is sensed 
by a Bourdon pressure gauge and recorded on a dial. 
Although cheap and robust, they are relatively in- 
accurate, slow to respond and are only suitable for 
large temperature changes in heated equipment, e.g. 
autoclaves. 


Bimetallic Strip Thermometers 


If strips of two metals with different coefficients of ex- 
pansion are fastened together throughout their length, 
the combined strip will bend when heated. Sensitivity 
is improved by using a long strip which is usually bent 
in a spiral or coil, with one end fixed and the other 
connected to a recording pointer. This technique is 
used for temperature compensation in some anaes- 
thetic vaporizers, and in cheap mechanical thermom- 
eters for measuring air temperature. 


BLOOD LOSS AND TRANSFUSION 


During surgery, blood loss is common but it may be 
difficult to measure accurately because blood may soak 
into surgical drapes and swabs, find its way into suc- 
tion bottles or fall on to the floor. Although it is usu- 
ally impossible to measure the blood loss accurately, an 
attempt should be made to estimate blood loss in all 
cases. This is particularly important in paediatric cases, 
where, for example, in a 2-kg child, a major haemor- 
rhage equates to a blood loss of more than 20 mL. 


Red Cell Loss 


This may be estimated by weighing the swabs after use, 
but is notoriously inaccurate. Measuring the haemo- 
globin concentration of a known volume of solution 
after all the swabs have been washed in it provides a 
more accurate result, but usually too late to be of im- 
mediate clinical use. Regular estimation of blood hae- 
moglobin concentration is the only reliable method of 
determining the effect of blood loss. 


Blood Clotting 


Clotting efficacy is assessed by measuring the platelet 
count, prothrombin time (intrinsic system), activated 
partial thromboplastin time (extrinsic system) and 


fibrinogen concentration. Although these are traditional 
laboratory-based tests, there are increasing numbers of 
methods of analysing blood clotting in the operating 
theatre. These require the user to add a sample of blood 
to a reagent in a chamber, which is then inserted into a 
measuring device. The Sonoclot™ device uses a probe 
which is moved up and down in the sample. As the clot 
forms, the increasing resistance is measured and plotted 
as a graph against time. In thromboelastography, a pin 
is lowered into the sample and rotated intermittently. As 
a clot forms, there is increasing resistance to rotation. 

Laboratory-based tests of clotting should be used 
whenever there is a risk of a clotting defect and after a 
significant blood transfusion. The main advantage of 
these tests is that they can be interpreted by haema- 
tologists, who provide advice on suitable treatments. 
Bedside monitors are used increasingly to measure 
clotting in procedures such as coronary artery surgery, 
where anticoagulants are usually used and significant 
blood loss is common. 


Near-Patient Testing 


During long operations, or when there is a need for 
infusion of large volumes of fluid, it may be necessary 
to measure physiological variables such as pH, haemo- 
globin and electrolyte concentrations and carboxyhae- 
moglobin. These have traditionally been performed on 
samples sent to laboratories and analysed by trained 
staff. The machines used are often complex and subject 
to regular servicing and quality control. More recently, 
it has become possible to use a variety of devices for 
‘bedside’ analysis. 

These devices usually comprise a small disposable 
cartridge which contains a combination of reagents 
and often some electronic circuitry. A sample is placed 
in the cartridge, which is then inserted into a larger 
analyser. Serum glucose concentration may be mea- 
sured by a reagent strip which is compared with a 
colour chart or by insertion into a reader. These ma- 
chines provide rapid results at the bedside and avoid 
the delays of transporting samples to the laboratory. 
However, the accuracy of the results produced by such 
devices is usually dependent on the skill of the opera- 
tor and they may be affected by poor storage of the re- 
agent or monitor. They also usually lack the organized 
quality control checks used in laboratories. Results are 
therefore less reliable and should be confirmed by lab- 
oratory analysis where possible. 
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MONITORING STANDARDS 


The presence of an appropriately trained and experi- 
enced anaesthetist is the most essential patient moni- 
tor. However, human error is inevitable and there is 
substantial evidence that many incidents are attribut- 
able, at least in part, to error by anaesthetists. 

Appropriate monitoring will not prevent all adverse 
incidents in the perioperative period. However, there is 
substantial evidence that it reduces the amount of harm 
to patients, not only by detecting problems as they occur 
but also by alerting the anaesthetist that an error has 
occurred. In one study, the introduction of modern stan- 
dards of monitoring halved the number of cardiac arrests, 
principally because of the reduction in arrests caused by 
preventable respiratory causes. In the Australian Incident 
Monitoring Study, 52% of incidents were detected first by 
a monitor and in more than half of these cases, it was the 
pulse oximeter or capnograph which detected the problem. 

There has never been a study comparing outcomes 
from anaesthesia with and without monitoring, and 
now that there are mandatory standards of monitor- 
ing in most countries, it will be impossible to prove 
that monitors make a difference. 

The current recommendations from the Association 
of Anaesthetists of Great Britain and Ireland are shown 
in Table 16.9. However, it is not sufficient that the mon- 
itors are available. Departmental heads are responsible 
for ensuring not only that equipment is available but 
also that it works correctly, that it is maintained to ap- 
propriate standards, that staff are trained in its use and 
that it is used appropriately. 

All anaesthetists must ensure that they are familiar 
with the equipment used in their hospital and that all 
equipment has been checked before use. The need for 
training and practice cannot be overemphasized be- 
cause the increasing complexity of modern monitor- 
ing devices implies that they can behave in unexpected 
ways at inopportune moments. 


ALARMS 


All electronic monitors now include alarms which sound 
(and illuminate) when a variable moves outside a preset 
range. These limits are usually set by the manufacturer 
as part of the monitoring system’s basic functions and 
may be changed by the user (although the default values 
are often protected by a password). Failure to reset the 
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TABLE 16.9 


Summary of Recommendations for Standards of Monitoring During Anaesthesia and Recovery 


The anaesthetist must be present and care for the patient throughout the conduct of an anaesthetic. * 


Monitoring devices must be attached before induction of anaesthesia and their use continued until the patient has recovered from the 


effects of anaesthesia. 


The same standards of monitoring apply when the anaesthetist is responsible for a local/regional anaesthetic or sedative technique for 


an operative proced ure. 


A summary of information provided by monitoring devices should be recorded on the anaesthetic record. Electronic record keeping 


systems are now recommended. 


The anaesthetist must ensure that all equipment has been checked before use. Alarm limits for all equipment must be set 


appropriately before use. Audible alarms must be enabled during anaesthesia. 


Table 16.10 indicates the monitoring devices which are essential and those which must be immediately available during anaesthesia. 


If it is necessary to continue anaesthesia without a device categorized as ‘essential’, the anaesthetist must clearly note the reasons for 


this in the anaesthetic record. 


Additional monitoring may be necessary as deemed appropriate by the anaesthetist. 


A brief interruption of monitoring is only acceptable if the recovery area is immediately adjacent to the operating theatre. Otherwise 
monitoring should be continued during transfer to the same degree as any other intra- or inter-hospital transfer. 


Provision, maintenance, calibration and renewal of equipment is an institutional responsibility. 


*In hospitals employing Anaesthetic Practitioners (APs), this responsibility may be delegated to an AP supervised by a consultant anaesthetist in 
accordance with guidelines published by the Royal College of Anaesthetists (www.rcoa.ac.uk). 
Reproduced with permission from the Association of Anaesthetists of Great Britain and Ireland 2007. 


alarm limits to appropriate values before starting anaes- 
thesia is a common cause of false alarm signals. This of- 
ten results in the anaesthetist cancelling a series of false 
alarms, with the risk that an alarm for a real problem is 
also cancelled without any action being taken. 

Alarms alert the anaesthetist to a developing physi- 
ological change and allow it to be corrected. However, 
alarms may not respond to a serious problem. For ex- 
ample, marked hypotension in an elderly hypertensive 
patient may still fall within the range of a ‘normal’ 
arterial pressure as set for the monitor. Alarms must 
therefore be set to appropriate levels before induction 
so that they are triggered only by real abnormalities. 
This is particularly true during procedures involving 
children, when values for respiratory rate, for example, 
are not within the ‘normal adult range. 

More commonly, alarms are triggered by artefacts: 
for example, the electrical interference produced by 
diathermy often triggers an alarm for arrhythmia from 
the ECG. Also common is the production of alarms 
by spurious problems such as an apparently low end- 
tidal carbon dioxide concentration during induction 
of anaesthesia, produced by the gas leak around a face 
mask. The frequency of such false alarms implies that 
many alarms are ignored, or may lead the anaesthetist 


to concentrate on the monitoring equipment and 
ignore the patient. 

Further, because of the lack of standardization of 
alarm signals and the uniformity of alarms, in a genu- 
ine crisis, the cacophony of multiple alarms and series 
of flashing lights may cause staff to concentrate on a 
relatively unimportant complication, such as brady- 
cardia, with the cause, such as a disconnection in the 
breathing system, going unnoticed. 


Oxygen Supply 

The use of an oxygen analyser with an audible alarm is 
mandatory for all patients breathing anaesthetic gases. 
The sampling port must be placed such that the gas mix- 
ture delivered to the patient is monitored continuously. 
The analyser should provide a clearly visible readout 
of the concentration of oxygen in the inspired gas and 
sound an audible alarm if a hypoxic mixture is delivered. 


Breathing Systems 


The principal problems are of disconnection, leak or 
excessive pressure. During spontaneous ventilation, the 
movement of a reservoir bag usually provides evidence 
of continuing ventilation. However, a capnograph is 
required to ensure that ventilation is adequate. When 
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positive-pressure ventilation is used, a measure of air- 
way pressure and appropriate alarms are also required. 

Monitors do not always detect every abnormality. 
For example, if a capnograph is attached to an airway 
filter in a spontaneously breathing patient, the breath- 
ing system may become disconnected from the filter, 
leading to a risk of awareness. However, because the 
patient continues to breathe room air through the fil- 
ter, the capnograph trace is unchanged and no alarm 
is triggered. 


Vapour Analyser 


A vapour analyser is essential whenever anaesthetic va- 
pours are used, both to prevent accidental overdose and 
also to prevent awareness. A particular problem with 
many commonly used vaporizers is that they are not 
able to detect when the vaporizer is empty (the Tec 6 
Desflurane vaporizer is one exception). During a long 
procedure, it is possible for a vaporizer to become empty 
without warning unless an agent monitor is in place. 


Cardiovascular 


Non-invasive arterial pressure and ECG are always 
required as monitors of the cardiovascular system. 
Although these provide useful information, clinical 
measures such as capillary refill and urine output are 
more reliable monitors. 


Infusion Devices 


Increasingly, anaesthetic drugs are being delivered by 
infusion devices. As with most equipment, individual 
devices are becoming more complex. For example, 
rather than using simple infusion pumps, anaesthesia 
may be delivered using devices containing computers, 
allowing the infusion to maintain a constant plasma 
concentration, e.g. the Diprifusor™ infusion pump. 
These devices contain sophisticated alarm systems 
and usually need to be programmed with a variety 
of patient data to function effectively. Anaesthetists 
also need to be trained in their use and must under- 
stand how these devices work before attaching them 
to a patient. In particular, it must be emphasized that 
although many infusion devices display informa- 
tion about the amount of drug administered and/or 
plasma concentration, these are dependent on absence 
of leaks and on assumptions about the patient. A com- 
mon problem is disconnection of the infusion line un- 
der surgical drapes, leading to underdosage. A further 


problem is that, in sick patients, factors such as the size 
of fluid compartments or rate of drug transport may 
differ greatly from those assumed by the pump, lead- 
ing to over- or underdosage. 


GENERAL GUIDELINES FOR 
MONITORING DURING 
ANAESTHESIA 


Table 16.10 summarizes the required monitors for dif- 
ferent components of anaesthesia. Monitors should 
be applied to the awake patient and readings taken to 
ensure that they are functioning correctly before in- 
duction of anaesthesia. If uncooperative patients make 


TABLE 16.10 


Essential Monitoring 


A. Induction and Maintenance of Anaesthesia 
i. Pulse oximeter 
ii. Non-invasive blood pressure monitor 
iii. Electrocardiograph 
iv. Airway gases: oxygen, carbon dioxide and vapour 
v. Airway pressure 


The following must also be available: 
= A nerve stimulator whenever a muscle relaxant is used 
= A means of measuring the patient’s temperature 


B. Recovery from Anaesthesia 
i. Pulse oximeter 
ii. Non-invasive blood pressure monitor 


The following must also be immediately available: 
= Electrocardiograph 
= Nerve stimulator 
m Means of measuring temperature 
a 


Capnograph 


C. Additional Monitoring 

= Some patients will require additional, mainly invasive 
monitoring. 

= The AAGBI endorses the views of the American Society 
of Anesthesiologists (ASA): “Brain function monitoring 
is not routinely indicated for patients undergoing 
general anaesthesia, either to reduce the frequency 
of intra-operative awareness or to monitor depth of 
anaesthesia” 


D. Regional Techniques & Sedation for Operative Procedures 
i. Pulse oximeter 
ii. Non-invasive blood pressure monitor 
iii. Electrocardiograph 


Reproduced with permission from the Association of Anaesthetists of 
Great Britain and Ireland 2007. 
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application of monitoring impossible before induc- 
tion, the monitors should be applied as soon as pos- 
sible after induction and the reason recorded on the 
anaesthetic chart. 

For short procedures such as electroconvulsive 
therapy (ECT) or orthopaedic manipulations, the 
standards for induction of anaesthesia are appropri- 
ate. However, if the procedure is prolonged then the 
standards for maintenance of anaesthesia should 
be applied. A high standard of monitoring should 
be applied continuously until the patient has recovered 
fully from anaesthesia. If the recovery room is not im- 
mediately adjacent to the operating theatre, or if the 
patient’s condition is poor, equipment should be avail- 
able so that the above standards are applied during 
transfer of the patient. 


Additional Monitoring 


The standards in Table 16.10 are the minimum ac- 
ceptable levels and apply to healthy patients under- 
going minor surgery. If the patient is unwell before 


surgery or major surgery is planned, additional moni- 
toring should be applied. It is difficult to give strict 
guidelines on what conditions or surgery should 
prompt the use of each monitor. Suggestions are given 
in Table 16.11. 


Monitoring During Transfer 


It is essential that the standard of care and monitoring 
during transfer is as high as that applied in the operat- 
ing theatre and that staff with appropriate training and 
experience accompany the patient. 

During transfer, vibrations may make devices which 
rely on pressure change, such as non-invasive arterial 
pressure monitors, inaccurate or non-functional. 
Vibration may also cause connections to work loose 
and equipment may suffer physical damage. Movement 
may make an ECG trace useless for diagnosis of ar- 
rhythmias. Noise and poor lighting make the displays 
of many monitors difficult to read and make audible 
alarms inaudible. Adequate supplies must be taken for 
the entire journey, together with additional supplies 


TABLE 16.11 


Variables that it may be Appropriate to Monitor During Anaesthesia in some Patients in Addition 
to the Essential Monitoring for all Anaesthetized Patients 


Indications 


Monitors 


Operative duration >3h 


Direct arterial pressure measurement 


Blood loss > 10% blood volume 


Central venous Pressure 


Operations on: 
Chest 
Central nervous system 
Cardiovascular system 


Pulmonary capillary wedge pressure 
Cardiac output 

Transoesophageal echocardiography 
Blood loss measurement 


Clinically significant coexisting disease 


Urine output 


Temperature: 
Patient 
Blood warmer, mattress 
Inspired gas 
Blood gas analysis 
Serum electrolyte concentrations 
Haemoglobin concentration 
Coagulation status 


to anticipate any unforeseen delays. This includes 
oxygen cylinders, batteries (the internal batteries 
of a monitor may have short lives) and anaesthetic 
drugs. 

Before transfer, the patient should be in a stable 
physiological state. The patient should be moved 
on to the transport trolley, all of the transport 
monitors should be applied to the patient and their 
functions should be checked. All equipment should 
then be fastened securely and all catheters and leads 
taped into position. A check should be made that, 
from a single position, the anaesthetist is able to at- 
tend to the airway, see all the monitors and be able 
to administer drugs and fluids. The process is made 
much easier and safer with a dedicated transport 
trolley, so that all the equipment is fixed perma- 
nently in place. 


ANAESTHETIC RECORD-KEEPING 


It is the professional responsibility of every doctor to 
maintain accurate records of the treatment which pa- 
tients receive, and their response to it. The anaesthetic 
record forms a part of a patient’s medical record. The 
principal purpose of the anaesthetic chart is to pro- 
vide details of the anaesthetic technique used, of the 
physiological changes which were associated with the 
technique and with surgery, and of complications or 
problems which were encountered during the pro- 
cedure. This information may assist other doctors if 
complications ensue, or if anaesthesia is required in 
the future. In addition, the anaesthetic record may 
be a valuable source of information if a subsequent 
complication results in litigation; the absence of a full 
record makes it difficult for an anaesthetist to dem- 
onstrate, for example, that postoperative renal fail- 
ure was not attributable to untreated intraoperative 
hypotension. 

The design of anaesthetic records varies widely, and 
is probably unimportant provided that it facilitates re- 
cording and display of all the relevant data. Suggestions 
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for the reasonable content of an anaesthetic record 
data set are shown in Table 16.12. 

In addition to the data described above, the record 
should include details of the techniques discussed with 
the patient, together with any risks or benefits outlined 
and the management plan agreed. If the patient has 
any specific requests or concerns, such as a desire to 
avoid blood transfusion, it is also best to record them 
in writing. 


Automated Records 


It has been estimated that up to 20% of the anaesthe- 
tist’s time is taken up with documentation. While the 
anaesthetic record is usually completed as the anaes- 
thetic proceeds, there are times, such as during induc- 
tion or a crisis, when it is not possible to complete the 
chart contemporaneously. This delay leads to inaccura- 
cies. In addition, studies have shown that anaesthetists 
tend to record ‘normalized’ data, i.e. the record tends 
to minimize any physiological changes which occur. 

To counteract these problems, most anaesthetic 
monitors and anaesthetic machines may be connected 
to automatic data recording systems. These log all the 
monitoring data and have the facility for the anaesthe- 
tist to add data such as drugs used and comments on 
events, such as the start of surgery. The data may be 
stored electronically for later study and printed out in 
a variety of formats. They have the potential to interact 
with other sources of information so that patient details, 
laboratory results, scans and outpatient letters can all 
be accessed. These systems have the potential to make 
audits and quality control much easier to perform. The 
AAGBI recommends that departments consider their 
procurement. 

However, these systems are expensive and it must be 
recognized that all monitors have numerous sources 
of error; while most anaesthetists tend to ignore er- 
roneous readings, they are recorded and printed by 
an automated system. Printouts should therefore be 
checked and errors marked before being included in 
the patient’s medical record. 
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TABLE 16.12 


Suggested Data for Inclusion on Anaesthetic Records 


PREOPERATIVE INFORMATION 


Patient identity 
Name/ID number/gender 
Date of birth 


Assessment and risk factors 

Date of assessment 

Assessor, where assessed 

Weight (kg) [height (m) optional] 
Base vital signs (BP, HR) 
Medication, incl. contraceptive drugs 
Allergies 

Addiction (alcohol, tobacco, drugs) 
Previous GAs, family history 
Potential airway problems 
Prostheses, teeth, crowns 
Investigations 

Cardiorespiratory fitness 

Other problems 

ASA gradetcomment 


Urgency 

Scheduled - listed on a routine list 

Urgent - resuscitated, not on a routine list 
Emergency - not fully resuscitated 


PERIOPERATIVE INFORMATION 


Checks 

Nil by mouth 

Consent 

Premedication, type and effect 


Regional anaesthesia 
Consent 

Block performed 

Entry site 

Needle used, aid to location 
Catheter: y/n 


Patient position and attachments 
Thrombosis prophylaxis 
Temperature control 

Limb position 


Postoperative instructions 
Drugs, fluids and doses 
Analgesic techniques 


Place and time 
Place 
Date, start and end times 


Personnel 
All anaesthetists named 
Check performed, anaesthetic room, theatre 


Operation planned/performed 


Apparatus 
Check performed, anaesthetic room, theatre 


Vital signs recording/charting 
Monitors used and vital signs recorded not less frequently 
than every 5min 


Drugs and fluids 

Dose, concentration, volume 
Cannulation 

Injection site(s), time & route 
Warmer used 

Blood loss, urine output 


Airway and breathing system 

Route, system used 

Ventilation: type & mode 

Airway type, size, cuff, shape 

Special procedures, humidifier, filter 
Throat pack 

Difficulty 


Special airway instructions, incl. oxygen 
Monitoring 


Untoward events 

Abnormalities 

Critical incidents 

Preoperative, perioperative, postoperative 
Context, cause, effect 


Hazard flags 
Warnings for future care 


Based on recommendations of the Royal College of Anaesthetists and the Association of Anaesthetists of Great Britain and Ireland 
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A ll patients scheduled to undergo surgery should 
be assessed in advance with a view to planning optimal 
preparation and perioperative management. This is a 
standard of care of the Association of Anaesthetists 
of Great Britain and Ireland, and similar bodies 
worldwide. It is one mechanism by which the stan- 
dard and quality of care provided by an individual 
anaesthetist or an anaesthetic department may be 
measured. Failure to undertake this activity places the 
patient at increased risk of perioperative morbidity or 
mortality. 

The overall aims of preoperative assessment should 
include the following: 


= To enable the most appropriate treatment for the 
patient, taking into consideration the patient’s 
current health, the nature of the proposed sur- 
gery and anaesthetic technique, and the skills and 
expertise of the anaesthetist. 

= To confirm that the surgery proposed is realistic 
and allow assessment of the likely benefit to the 
patient and the possible risks involved. 

= To anticipate potential problems and ensure that 
adequate facilities and appropriately trained staff 
are available to provide satisfactory perioperative 
care. 

= To ensure that the patient is prepared correctly 
for the operation and allow time for further in- 
vestigations and specialist referral to improve any 
existing factors which may increase the risk of an 
adverse outcome. 

= To provide appropriate information to the pa- 
tient, and obtain informed consent for surgery 
and the planned anaesthetic technique. 


PREOPERATIVE ASSESSMENT 
AND PREMEDICATION 


= To prescribe premedication and/or other specific 
prophylactic measures if required. 

= To ensure that proper documentation is made of 
the assessment process. 


It is implicit that the anaesthetist has sufficient 
knowledge and experience of both the proposed 
surgery and necessary anaesthetic management to 
predict the potential progress of an individual patient 
during the perioperative period. Appropriate skills 
must be achieved and maintained by an ongoing com- 
mitment to education, both individually and within 
the profession overall. There are organizational issues 
to be considered within any hospital in order that pre- 
operative assessment and preparation of patients can 
be accomplished successfully. Increasingly, this makes 
use of a nurse-led assessment process combined with 
gaining an anaesthetic opinion when appropriate, 
guided and supported by the use of evidence-based 
protocols. 


THE PROCESS OF PREOPERATIVE 
ASSESSMENT 


Who, When and Where? 


The decision regarding the need for an operation is 
normally made by an experienced surgeon on the ba- 
sis of the patient’s presenting pathology. The patient 
subsequently undergoes a more extensive assessment 
of general health closer to the time of admission for 
surgery. This is undertaken usually by the least expe- 
rienced member of the surgical team, and in some 
circumstances is delegated (in part) to an experienced 
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nurse practitioner. Identification of potential problems 
by these individuals relies upon their application of 
general medical knowledge and common sense, often 
assisted by the use of screening protocols developed 
either nationally, or locally by the anaesthetic depart- 
ment. When a patient is recognized to be at special 
risk, referral to an appropriate anaesthetist should be 
made. This need not be the anaesthetist ultimately 
responsible for the patient’s care if surgery is not ur- 
gent, provided that decisions made regarding preop- 
erative preparation are communicated and recorded 
clearly in the medical notes. If surgery is more immi- 
nent, it is preferable to involve the anaesthetist who 
will be responsible for the patient’s perioperative care. 

The need to improve efficiency of hospital bed oc- 
cupancy has led to the increasing use of pre-admission 
clerking appointments, arranged to allow completion 
of the majority of the necessary administrative details. 
This is an ideal opportunity for anaesthetic assessment 
to take place, but in reality it is often not feasible to 
guarantee the availability of an experienced anaesthe- 
tist for these sessions. One direct consequence of this 
change is that patients are subsequently admitted on to 
the ward close to the time of surgery, allowing signifi- 
cantly less time for the anaesthetist to organize periop- 
erative management. In order to optimize preparation 
for surgery within this system, many hospitals now use 
preoperative questionnaires which are completed by 
the patient in advance of clerking and are designed spe- 
cifically to identify key features in the medical history 
which need further clarification. In addition, guide- 
lines may be provided by the anaesthetic department 
for the surgical team or nurse practitioner to ensure 
that appropriate investigations are undertaken and 
that suitable action is taken if problems are identified. 

Regardless of the timing and the individual person- 
nel involved in clerking patients before surgery, the 
fundamental process of taking a detailed history and 
performing a systematic clinical examination remains 
the foundation on which preoperative assessment relies, 
backed up by ordering appropriate investigations where 
indicated. This allows the anaesthetist to concentrate on 
areas of particular relevance to perioperative care. 


History 


Direct questions should be asked about the following 
items of specific relevance to anaesthesia. 
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Presenting Condition and Concurrent Medical 
History 


The indication for surgery determines its urgency and 
thus influences aspects of anaesthetic management. 
There are many surgical conditions which have sys- 
temic effects and these must be sought and quantified, 
e.g. bowel cancer may be associated with malnourish- 
ment, anaemia and electrolyte imbalance. The presence 
of coexisting medical disease must also be identified, 
together with an assessment of the extent of any associ- 
ated limitations to normal activity. The most relevant 
tend to be related to cardiovascular and respiratory dis- 
eases because of their potential effect on perioperative 
management. Specific questioning should ascertain the 
degree of exertional dyspnoea, paroxysmal nocturnal 
dyspnoea, orthopnoea, angina of effort, etc. Functional 
capacity is frequently defined in terms of the ability to 
exercise to a certain degree of metabolic equivalents 
(METs) where 1 MET is equivalent to basal oxygen 
consumption at rest (i.e. 3.5 mL min™'kg~!). The Duke 
Activity Status Index approximates certain physical ac- 
tivities with multiples of the MET and so may be used 
to quantify patients’ ability to exercise. The inability 
to climb two flights of stairs (which approximates to 
4 METS) is associated with an increased risk of cardiac 
complications after major surgery. Limitations to exer- 
cise because of other factors should be identified, e.g. 
intermittent claudication, arthritis, etc., so that effort- 
related symptoms such as dyspnoea and angina may be 
interpreted correctly. 


Anaesthetic History 


Details of the administration and outcome of previous 
anaesthetic episodes should be documented, especially 
if problems were encountered. Some sequelae such as 
sore throat, headache or postoperative nausea may not 
seem of great significance to the anaesthetist but may 
form the basis of considerable preoperative anxiety for 
the patient. The patient may be unaware of anaesthetic 
problems in the past if managed uneventfully and 
hence the anaesthetic records should be examined if 
they are available. More serious problems such as dif- 
ficulty maintaining a patent airway, performing tra- 
cheal intubation or some other specific procedure (e.g. 
insertion of an epidural catheter) should have been 
documented. Other serious problems such as unex- 
pected admission to the intensive care unit following 


surgery should be explored carefully in order to iden- 
tify contributing factors which might be encountered 
once again. 


Family History 


There are several hereditary conditions which influence 
planned anaesthetic management, such as malignant 
hyperthermia, cholinesterase abnormalities, porphyria, 
some haemoglobinopathies and dystrophia myotonica. 
Some of these disorders may not limit the patient’s nor- 
mal activities, but their presence is usually confirmed by 
asking about details of anaesthetic problems encoun- 
tered by immediate family members and any subsequent 
investigations required; the family history is particularly 
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important in patients who have not undergone surgery 
and anaesthesia previously. 

It is important to remember that a negative family 
history does not imply that there are no familial issues. 
A positive history is relatively specific, but a negative 
history is very insensitive. 


Drug History 

A complete history of concurrent medication must be 
documented carefully. Many drugs interact with agents 
or techniques used during anaesthesia but problems 
may occur if drugs are withdrawn suddenly during 
the perioperative period (Table 17.1). Knowledge of 
pharmacology is essential to permit the anaesthetist to 


TABLE 17.1 


Drugs with Potential Anaesthetic Interaction During Anaesthesia 


Drug Group Comments 


Cardiovascular 
Angiotensin-converting enzyme 
inhibitors 

Captopril 

Enalapril 

Lisinopril 


Hypotensive effects may be potentiated by anaesthetic agents. Sudden withdrawal tends not 
to produce haemodynamic effects, perhaps because of relatively long duration of action 


Angiotensin II receptor blockers 
Losartan 
Valsartan 


May be associated with severe hypotension at induction or during maintenance of anaesthesia; 
consideration should be given to stopping treatment 24h preoperatively 


Antihypertensives 


Hypotension with all anaesthetic agents, requiring extreme care with dosage and administration. 


Clonidine Clonidine (or dexmedetomidine) allows reduction in dosage of anaesthetic agents and opioids. 
Guanethidine Acute withdrawal of long-term treatment may result in a hypertensive crisis. Guanethidine 
Methyldopa potentiates effect of sympathomimetics. Reserpine depletes noradrenaline (norepinephrine) 
Reserpine stores, so attenuating the action of pressor agents acting via noradrenaline release 

B-Blockers Negative inotropic effects additive with anaesthetic agents to cause exaggerated hypotension. 


Mask compensatory tachycardia. Caution with concomitant use of any cardiovascular 
depressant drugs. Acute withdrawal may result in angina, ventricular extrasystoles, or even 
precipitate myocardial infarction 


Ca** channel blockers 


Verapamil Depresses AV conduction and excitability. Interacts with volatile anaesthetic agents leading to 
bradyarrhythmias and decreased cardiac output 
Diltiazem Negative inotropic effect and vasodilatation. Interact with volatile anaesthetic agents to cause 
Nifedipine hypotension. May augment action of competitive muscle relaxants. Acute withdrawal may 
exacerbate angina 
Others 
Digoxin Arrhythmias enhanced by calcium. Toxicity is enhanced by hypokalaemia, which must be 


corrected preoperatively. Succinylcholine enhances toxicity and should therefore be used with 
caution. Beware of bradyarrhythmias 


Continued 
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TABLE 17.1 


Drugs with Potential Anaesthetic Interaction During Anaesthesia—Cont'd 


Drug Group 


Comments 


Diuretics 
Magnesium 


Quinidine 


Can cause hypokalaemia, which may potentiate the effect of competitive muscle relaxants 
Potentiates action of muscle relaxants, the dosage of which may need to be reduced 
Intravenous administration can produce neuromuscular blockade, notable particularly 
following succinylcholine 


Central nervous system 
Anticonvulsants 


Cause liver enzyme induction. May increase requirements for sedative or anaesthetic agents. 
Sudden withdrawal may produce rebound convulsive activity 


Benzodiazepines 


Additive effect with many CNS-depressant drugs. Caution with dosage of intravenous 
anaesthetic agents and opioids. Additive effect with competitive muscle relaxants, causing 
potentiation of their action. Action of succinylcholine may be antagonized 


Monoamine oxidase inhibitors 
(MAOIs) 


React with opioids causing coma or CNS excitement. Severe hypertensive response to pressor 
agents. Treatment of regional anaesthetic-induced hypotension may be difficult, especially 
as indirect sympathomimetics (e.g. ephedrine) are contraindicated due to unpredictable 

and exaggerated release of noradrenaline (norepinephrine). Adverse effects do not always 
occur, but recommended to withdraw drugs 2-3 weeks before surgery and use alternative 
medication 


Tricyclic antidepressants 


Inhibit the metabolism of catecholamines, increasing the likelihood of arrhythmias. Imipramine 
potentiates the cardiovascular effects of adrenaline (adrenaline). Delay gastric emptying 


Phenothiazines 


Interact with other hypotensive agents, necessitating care with administration of all agents 


Butyrophenones with potential cardiovascular effect 
Others 
Lithium Potentiates non-depolarizing muscle relaxants. Consider changing to alternative treatment 
48-72 h prior to anaesthesia 
L-Dopa Risks of tachycardia and arrhythmias with halothane. Actions antagonized by droperidol. 
Augments hyperglycaemia in diabetes. Some suggest discontinuing on day of surgery, but this 
must be balanced against possible detrimental effects as a result 
Antibiotics 


Aminoglycosides 


Sulphonamides 


Potentiation of neuromuscular block. Caution with the use of neuromuscular blockers. Effect 
may be partially antagonized with Ca** 
Potentiation of thiopental 


Non-steroidal anti-inflammatory 


drugs 


Steroids 


Interfere with platelet function to varying degrees by inhibition of platelet cyclo-oxygenase. 


Potential adrenocortical suppression. Additional steroid cover may be required for the 
perioperative period. Risk of hyperglycaemia 


Anticoagulants 


Problems with minor trauma resulting from cannulation, laryngoscopy and intubation (especially 
nasotracheal), intramuscular injections and the use of local anaesthetic blocks. Full anticoagulation 
is an absolute contraindication to the use of regional anaesthetic techniques. Surgical haemorrhage 
more likely. Preoperative management of anticoagulant therapy is discussed elsewhere 


Anticholinesterases 
Organophosphorus insecticides 


Caution should be exercised with the use of succinylcholine 


Oral contraceptive pill 


Increased risk of thromboembolic complications with oestrogen-containing formulations. 
Recommended that OCP is stopped 4 weeks before elective surgery or that some form of 
prophylactic therapy is provided 


Antimitotic agents 


Inhibition of plasma cholinesterase. Caution should be exercised with the use of succinylcholine 


adjust the doses of anaesthetic agents appropriately and 
to avoid possibly dangerous interactions. In addition, 
the anaesthetist must maintain up-to-date knowledge 
of pharmacological advances as new drugs continue to 
emerge on the market. Any potential interactions ob- 
served with new drugs must always be reported to the 
Medicines and Healthcare products Regulator Agency 
(MHRA), or comparable body outside the UK. 

In general terms, administration of most drugs should 
be continued up to and including the morning of the 
operation, although some adjustment in dose may be 
required (e.g. antihypertensives, insulin). Consideration 
must also be given to possible perioperative events 
which influence subsequent drug administration (e.g. 
postoperative ileus) and appropriate plans made to use 
an alternative route or an alternative product with simi- 
lar action. It is advised that some drugs should be dis- 
continued several weeks before surgery if feasible (e.g. 
oestrogen-containing oral contraceptive pill, long-acting 
monoamine oxidase inhibitors), because of the poten- 
tial severity of perioperative complications with which 
they are associated. Consideration must be given to the 
potential consequences of stopping drugs preoperatively 
and appropriate advice or alternative treatment pro- 
vided to the patient. 

There are occasions when patients with an illicit 
drug habit present for surgery. The patterns of abuse 
geographically are prone to frequent change, as are the 
specific drugs taken. Abuse of opioids and cocaine is not 
uncommon and there is significant information avail- 
able about potential perioperative problems related to 
acute or chronic toxicity; however, the same is not true 
for the increasing number of ‘designer drugs’ available. 

There are significant potential interactions between 
‘herbal’ remedies and drugs used during the periop- 
erative period. Garlic, ginseng and gingko are associ- 
ated with increased bleeding; St John’s Wort induces 
cytochrome P4503A4 and cytochrome 2C9; valerian 
modulates GABA pathways; and traditional Chinese 
herbal medicines have a variety of potential adverse ef- 
fects including hypertension and delayed emergence. 
The clinical importance of these interactions is not 
clear. Current guidance is that the anaesthetist should 
ask explicitly about their use and if possible discon- 
tinue use 2 weeks before surgery (tapering if neces- 
sary). There is no evidence to postpone surgery purely 
because patients are taking herbal remedies. 
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History of Allergy 


A history of allergy to specific substances must be 
sought, whether it is a drug, foods or adhesives, and the 
exact nature of the symptoms and signs should be elic- 
ited in order to distinguish true allergy from some other 
predictable adverse reaction. Latex allergy is becoming 
an increasing problem and requires specific equipment 
to be used perioperatively. Atopic individuals do not 
have an increased risk of anaphylaxis but may demon- 
strate increased cardiovascular or respiratory reactivity 
to any vasoactive mediators (e.g. histamine) released 
following administration of some drugs. 

A small number of patients describe an allergic 
reaction to previous anaesthetic exposure. A careful 
history and examination of the relevant medical notes 
should clarify the details of the problem, together with 
the documentation of any postoperative investigations. 

Reported allergy to local anaesthetics is usually a 
manifestation of anxiety or a response to peak concen- 
trations of local anaesthetic or adrenaline. There are 
a small number of individuals who are allergic to sul- 
phites which are commonly found in local anaesthetic 
preparations (and other drugs). 


Smoking 


Long-term deleterious effects of smoking include 
vascular disease of the peripheral, coronary and cere- 
bral circulations, carcinoma of the lung and chronic 
bronchitis. It has been suggested that there are good 
theoretical reasons for advising all patients to cease 
cigarette smoking for at least 12h prior to surgery, 
although there is little evidence to suggest that this in- 
fluences patients’ behaviour in this period. 

There are several potential mechanisms by which 
cigarette smoking can contribute to an adverse peri- 
operative outcome. The cardiovascular effects of 
smoking are caused by the action of nicotine on the 
sympathetic nervous system, producing tachycardia 
and hypertension. Furthermore, smoking causes an 
increase in coronary vascular resistance; cessation of 
smoking improves the symptoms of angina. Cigarette 
smoke contains carbon monoxide, which converts 
haemoglobin to carboxyhaemoglobin. In heavy smok- 
ers, this may result in a reduction in available oxygen 
by as much as 25%. The half-life of carboxyhaemoglo- 
bin is short and therefore abstinence for 12h leads to 
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an increase in arterial oxygen content. Finally, the ef- 
fect of smoking on the respiratory tract leads to a six- 
fold increase in postoperative respiratory morbidity. It 
has been suggested that abstinence for 6 weeks results 
in reduced bronchoconstriction and mucus secretion 
in the tracheobronchial tree. 

There is some evidence to suggest that the preoper- 
ative period is an effective moment to introduce smok- 
ing cessation interventions in those patients who are 
motivated to stop. 


Alcohol 


Patients may present with acute intoxication from 
alcohol or sequelae of chronic consumption. The lat- 
ter are mainly non-specific features of secondary or- 
gan damage such as cardiomyopathy, pancreatitis and 
gastritis. Establishing the diagnosis may be far from 
straightforward and needs to be complemented by a 
decision about whether to allow continued alcohol 
consumption during the hospital admission or risk the 
development of a withdrawal syndrome. 


Obstructive Sleep Apnoea 


Patients with obstructive sleep apnoea have a higher 
incidence of difficult airway management and cur- 
rent recommendations are that they should have 
careful observation in the postoperative period. 
The gold standard for diagnosis is polysomnogra- 
phy. However, this is not always available and cur- 
rent guidance supports the use of screening tools 
such as the Berlin or STOP—BANG questionnaires 
(Tables 17.2a and 17.2b). 


Physical Examination 


A physical examination should be performed on every 
patient admitted for surgery and the findings docu- 
mented in the medical notes. It might be argued that 
this is unnecessary in young healthy patients undergo- 
ing short or minor procedures. However, the exercise 
is a simple and safe method for confirming good 
health or otherwise, and provides important informa- 
tion in case unexpected morbidity arises postopera- 
tively, e.g. foot drop as a result of incorrect positioning 
on the operating theatre table, prolonged sensory 
anaesthesia following local anaesthetic techniques, 
etc. The information obtained from clinical exami- 
nation should complement the patient’s history and 
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TABLE 17.2a 


Berlin Questionnaire 


Positive Response 


Category 1 
Do you snore? Yes 


How loud is your My snoring is louder than talking 


snoring? My snoring is very loud 


How frequently do you 
snore? 


Almost every day 
3-4 times per week 


Does your snoring Yes 
bother other people? 


How often have your 
breathing pauses been 


Almost every day 
3-4 times per week 
noticed? 


Category 2 


Are you tired after Almost every day 


sleeping? 3-4 times per week 


Are you tired during Almost every day 


daytime? 3-4 times per week 


How often do you nod Almost every day 


off or fall asleep while 3-4 times per week 


driving? 


Category 3 


Do you have high Yes 
blood pressure? 


BMI >30 kg m? 


High likelihood of obstructive sleep apnoea is indicated by 2 or more 
positive categories. 

Category 1 is positive with >2 positive responses. 

Category 2 is positive with >2 positive responses. 

Category 3 is positive with >1 positive responses. 


allows the anaesthetist to focus further on features of 
relevance (Table 17.3). 

In addition, the anaesthetist must assess the patient 
for any potential difficulty in maintaining the airway 
during general anaesthesia. The teeth should be in- 
spected closely for the presence of caries, caps, loose 
teeth and particularly protruding upper incisors. The 
extent of mouth opening is assessed, together with 
the degree of flexion of the cervical spine and exten- 
sion of the atlanto-occipital joint. The thyromental 
distance should also be documented. Specific features 
associated with difficulty in performing tracheal in- 
tubation are described elsewhere (Ch 22). 


TABLE 17.2b 


STOP-BANG Questionnaire 


S: Do you snore loudly (louder than talking or loud enough to 
be heard through closed doors)? 


T: Do you often feel tired, fatigued, or sleepy during daytime? 


O: Has anyone observed you stop breathing during your sleep? 


P: Do you have or are you being treated for high blood pressure? 


STOP (alone): High risk of OSA: Yes to >2 questions out of 4. 


BMI: >35kgm~? 


Age: >50 years 


Neck circumference: >40 cm 


Gender: Male 


STOP-BANG: High risk of OSA: Yes to >3 questions from 8 
questions of STOP-BANG 


TABLE 17.3 


Features of the Clinical Examination 
Relevant to the Anaesthetist 


System Features of Interest 


General Nutritional state, fluid balance 
Condition of the skin and mucous 
membranes (anaemia, perfusion, jaundice) 


Temperature 


Cardiovascular Peripheral pulse (rate, rhythm, volume) 
Arterial pressure 

Heart sounds 

Carotid bruits 


Dependent oedema 


Respiratory Central vs. peripheral cyanosis 
Observation of dyspnoea 


Auscultation of lung fields 


Airway Mouth opening 
Neck movements 
Thyromental distance 
Dentition 
Nervous Any dysfunction of the special senses, 


other cranial nerves, or peripheral motor 
and sensory nerves 


Special Investigations 


In general, the results of many investigations may be 
predicted if a detailed history and examination have 
been performed. Routine laboratory tests in patients 
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who are apparently healthy on the basis of the history 
and clinical examination are invariably of little use and 
a waste of resources. Before ordering extensive investi- 
gations, the following questions should be considered: 


m Will this investigation yield information not re- 
vealed by clinical assessment? 

m Will the results of the investigation give addi- 
tional information on diagnosis or prognosis 
relevant to planned surgery? 

m Will the results of the investigation alter the 
management of the patient? 


In order to reduce the volume of routine preop- 
erative investigations, the following suggestions are 
made. It should be noted that these are guidelines only 
and should be modified according to the assessment 
obtained from the history and clinical examination 
(Table 17.4). Attention should be paid to ensuring that 
the results of any investigations requested are seen by the 
surgical team and properly documented, and that this 
process is undertaken in a timely manner to allow any 
necessary intervention with the patient’s management to 
be considered and implemented. The National Institute 
for Health and Clinical Excellence in the UK has pro- 
duced a comprehensive summary of suggested testing 
approaches based on the patient and nature of surgery. 
The European Society of Anaesthesiology has also ad- 
opted these recommendations. 


Urine Analysis 


This should be performed in every patient. It is inex- 
pensive and may reveal undiagnosed diabetes melli- 
tus or the presence of urinary tract infection. Positive 
results should be confirmed by seeking further evi- 
dence of pathology. 

All women of childbearing age should have preg- 
nancy excluded before surgery. For many, this will in- 
volve a urine test on the day of surgery. 


Full Blood Count 


This provides information about the haemoglobin 
concentration, white blood cell count and platelet 
count, together with details of red cell morphology. 
Haemoglobin concentration tends to be of great- 
est interest to the anaesthetist. Patients whose ethnic 
origin or family history suggests that a haemoglobin- 
opathy may be present should have their haemoglobin 
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TABLE 17.4 


Urinalysis 


Guidelines for Preoperative Investigations 


All patients 


Full blood count 


All female adults 

Before surgery which is likely to result in significant blood loss 

When indicated clinically, e.g. history of blood loss, previous anaemia or haemopoietic disease, 
cardiovascular disease, malnutrition, etc. 


Urea, creatinine and electrolytes 


All patients over 65 years (increased likelihood of CVS disease), or with a positive urinalysis result 
Any patient with cardiopulmonary disease, or taking cardiovascular active medication, diuretics 
or corticosteroids 

Patients with renal or liver disease, diabetes or abnormal nutritional status 

Patients with a history of diarrhoea, vomiting or metabolic disorder 

Patients receiving intravenous fluid therapy for greater than 24h 


Blood glucose 


Patients with diabetes mellitus, vascular disease or taking corticosteroids 


Liver function tests Any history of liver disease, alcoholism, previous hepatitis or an abnormal nutritional state 


Coagulation screen Any history of a coagulation disorder, drug abuse, significant chronic alcohol abuse, acute or 


chronic liver disease or anticoagulant medication 


ECG Male smokers older than 45 years; all others older than 50 years 


Any history (actual or suspected) of heart disease or hypertension 
Any patient taking medication active on the cardiovascular system or a diuretic 


Patients with chronic or acute-on-chronic pulmonary disease 


Chest X-ray Rarely indicated unless active cardiac or respiratory disease or possible pulmonary metastases. 


Previously abnormal chest X-ray is not an indication in its own right to repeat a chest X-ray 


concentration measured and haemoglobin electro- 
phoresis undertaken if it has not been performed pre- 
viously or if the result is not available. If such patients 
are scheduled for emergency surgery, a Sickledex test 
may be requested and, if positive, haemoglobin elec- 
trophoresis should be undertaken as soon as possible. 
However, this should not delay emergency surgery 
because, in practice, in teenagers and adults without a 
personal history of sickle disease, the result is unlikely 
to change management. 

Moderate degrees of anaemia increase the risk of 
requiring blood transfusion. Preoperative assessment 
clinics should have agreed processes for investigation 
and/or treatment to avoid either missing important 
pathology such as bowel malignancy or undertaking 
unnecessary investigations. 


Blood Chemistry 


The measurements available include the serum concen- 
trations of urea, creatinine and electrolytes, blood glu- 
cose concentration and liver function tests. There are 
specific conditions in which knowledge of preoperative 


values is important (e.g. diuretic therapy, impaired 
renal function, chronic alcohol abuse). Beyond these 
situations, the value of preoperative screening is less 
clear and detection of an unexpected abnormality 
seldom alters anaesthetic management. Blood sugar 
measurement is informative in patients receiving corti- 
costeroid drugs and in those who have diabetes mellitus 
or vascular disease; a fasting sample is usually required. 


Coagulation Tests 


These should be ordered solely if the patient has a high 
likelihood of a bleeding disorder. This is based on the 
history (alcohol, liver disease, bleeding/bruising ten- 
dency, family history, drug history, etc.). They have no 
value as a screening test. They do not detect abnor- 
malities of platelet function so have no role in patients 
taking antiplatelet drugs. 


Chest X-Ray 


This investigation should be reserved for patients with 
a clear indication and if the clinician believes that the 
result will change management significantly. There is 


little evidence that chest X-rays change management 
even in a higher risk population. It has little value as 
a preoperative baseline because postoperative abnor- 
malities are treated predominantly on the basis of their 
clinical relevance. 


Other X-rays 


Cervical spine X-rays should be considered in any 
patient in whom there is a possibility of vertebral in- 
stability, e.g. in the presence of rheumatoid arthritis. 
Thoracic inlet X-rays may be required in patients with 
thyroid enlargement. 


Cardiac Investigation 


The extent of cardiac investigation should be based on 
the urgency of surgery, the presence of active cardiac 
conditions which require treatment, the risk of com- 
plications from surgery and the patient’s physical fit- 
ness. A schematic of an approach to patients at risk of 
cardiac events is shown in Figure 17.1. 


ECG 


A 12-lead electrocardiogram can demonstrate many 
acute or longstanding pathological conditions affect- 
ing the heart, particularly changes in rhythm or the 
occurrence of myocardial ischaemia or infarction. It 
has little value as a preoperative baseline in patients 
with known or potential cardiovascular disease; in 
the resting state, the trace may appear normal despite 
the presence of clinically significant coronary artery 
disease. More extensive investigations are available in 
many departments to supplement the 12-lead ECG 
and these are discussed elsewhere (see Chs 18 and 34). 


Echocardiography 


Echocardiography is indicated in patients with un- 
diagnosed heart murmurs. It should be noted that 
systolic murmurs are common and, in the absence of 
cardiac symptoms, they are unlikely to represent sig- 
nificant valve disease. Static (i.e. non-exercise/non- 
dobutamine) transthoracic echocardiography gives some 
information about the presence of left ventricular hy- 
pertrophy and function but is not a good investigation 
for patients with suspected ischaemic heart disease. As 
with all investigations, echocardiography should be 
requested only if the result is likely to change man- 
agement. Formal protocols detailing which patients 
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should be referred for echocardiography should 
be agreed between the anaesthesia and cardiology 
departments. 

Dobutamine stress echocardiography (DSE) uti- 
lizes an infusion of dobutamine to increase heart rate 
and work whilst monitoring cardiac function using 
transthoracic echocardiography, usually to a maxi- 
mum heart rate of 120 beats min“ in patients aged 
over 65 years. It is used to assess left ventricular wall 
motion abnormalities, which occur in heart failure 
or ischaemic cardiomyopathy. The test is considered 
positive if symptoms of angina, headaches, vomiting, 
ST depression or elevation, or hypotension occur. DSE 
has a low (25-30%) positive predictive value but a high 
(95%) negative predictive value for perioperative car- 
diovascular complications after major surgery. A pa- 
tient who has a positive DSE test should be referred to 
a cardiologist for consideration of coronary angiogra- 
phy and revascularisation. 


Pulmonary Function Tests 


Pulmonary function tests (peak expiratory flow rate 
(PEFR), forced vital capacity (FVC) and forced expira- 
tory volume in 1s (FEV, )) have a poor predictive value 
for postoperative problems apart from possibly some 
specific situations such as thoracic surgery and correc- 
tion of spinal deformity. 

Patients with stable asthma do not require PFTs, but 
note should be made of home recorded PEFR if pa- 
tients are poorly controlled. 

Patients with significant dyspnoea on mild or 
moderate exertion may require PFTs as part of a di- 
agnostic work-up to elucidate the cause. Reversibility 
with bronchodilators is an important question to be 
answered as this may have an impact on perioperative 
management. Arterial blood gas analysis is prudent in 
patients with dyspnoea at rest and in patients sched- 
uled for elective thoracotomy; the information is a 
useful supplement to spirometry values. In patients 
with progressive disease, these investigations may serve 
as a useful reference for future admissions. 


Cardiopulmonary Exercise Testing 


Cardiopulmonary exercise (CPEX) testing has been 
used in respiratory and sports medicine for some time, 
but has more recently been applied to the assessment 
of physical fitness in patients scheduled for major 


Proceed to surgery 


Yes Monitor 
Urgent surgery f>] Continue CVS 
medication 
No 
Treat conditions with 
Active or unstable Yes due regard for 
cardiac condition forthcoming surgery 


Proceed to surgery 


No 


Proceed to surgery 


Low i = 
What is the surgical risk? m>] E term 


- lifestyle, medication 


Intermediate/ 
high 


Proceed to surgery 


>4 
A ; METs Consider long-term 
Functional capacity management 


— lifestyle, medication 


<4 METs 


Intermediate | Proceed to surgery 
Surgical risk >] Statins 


ACE 
High risk 
<2 Proceed to surgery 
Cardiac risk factors >| Statins 
ACE 
23 Non- 
mediated 
stress- 
induced 
Non-invasive | ischaemia Proceed to surgery 
testing Statins 
ACE 
Extensive 
stress-induced 
ischaemia 


Cardiac interventions: 
angioplasty; stents; 
CABG 

Proceed to surgery 


FIGURE 17.1 = Approach to investigation of patients at risk of cardiac complications. Simplified from European and American 
Guidelines. 

METs: metabolic equivalents - inability to climb two flights of stairs or run a short distance equates to <4 METs. 
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Diabetes mellitus requiring insulin therapy 
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surgery. The usual protocol for CPEX testing is that 
patients exercise on a bicycle against progressively in- 
creasing resistance while ECG, oxygen consumption, 
carbon dioxide production and other variables are 
measured. These variables include anaerobic thresh- 
old (AT, the oxygen consumption at the point where 
anaerobic metabolism starts to occur) and ventilatory 
equivalents for CO, and O, (V,/Vco, and V,/Vo,, ex- 
pired volume required for adequate CO, exchange or 
oxygen intake). All of these reflect physical fitness, car- 
diac and pulmonary function. Peak oxygen consump- 
tion, V,/Vco, and AT have been related to outcome 
and long-term survival after major surgery. 

Alternatively, simple measures of exercise tolerance 
such as the Incremental Shuttle walk test may be used 
to quantify aerobic fitness. 


PREDICTION OF PERIOPERATIVE 
MORBIDITY OR MORTALITY 


After the patient’s history, examination and relevant 
investigations have been collated the anaesthetist must 
answer two questions: 


m Is the patient in optimum physical condition for 
anaesthesia and surgery? 

m Are the anticipated benefits of surgery greater 
than the combined risks of undergoing anaesthe- 
sia and surgery, taking into account any concur- 
rent disease? 


In principle, if there is any medical condition which 
may be improved (e.g. pulmonary disease, hyperten- 
sion, cardiac failure, chronic bronchitis, renal disease), 
surgery should be postponed and appropriate therapy 
instituted. The reasoning behind such a decision must 


be recorded clearly in the patient’s medical notes, with 
the anticipated time required to achieve reasonable 
improvement. At this stage, the patient should be re- 
assessed and the decision about when or whether to 
proceed with surgery reviewed. 

There is continued interest in quantifying factors 
preoperatively which correlate with the occurrence of 
postoperative morbidity and mortality. Some accuracy 
is possible for populations of patients, but precision 
does not extend to accurate prediction of risk for an 
individual patient. Frequently, the decision to proceed 
may be made only by discussion between surgeon and 
anaesthetist. 

Scoring systems for determining the likelihood of 
adverse outcome may be divided into two main groups: 


m general scoring systems designed to predict non- 
specific undesirable events 

m systems which focus on prediction of specific 
morbidity or technical difficulty, e.g. adverse car- 
diac events, difficulty with tracheal intubation. 


Prediction of Non-Specific Adverse 
Outcome 


Over a broad range of operations and age, the over- 
all mortality rate within 7 days of surgery is approxi- 
mately 4% across Europe as a whole. This is many 
times greater than the incidence of deaths to which 
anaesthesia has made a significant contribution or has 
been the sole cause (approximately 1 in 10000). In 
many large studies of mortality, e.g. NCEPOD reports, 
common factors which have emerged as contributing 
to anaesthetic mortality include inadequate assess- 
ment of patients in the preoperative period, inadequate 
supervision and monitoring in the intraoperative 


< 
FIGURE 17.1 Cont'd 


Surgical risk of MI and cardiac death within 30 days after surgery 
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period and inadequate postoperative supervision and 
management. It remains difficult to evaluate formally 
whether the patient’s characteristics, the surgical fea- 
tures or the anaesthetic technique are the most influ- 
ential in terms of final outcome. This is primarily a 
result of the high standards of practice which exist, the 
relative infrequency with which significant periopera- 
tive morbidity or mortality occurs and the multifacto- 
rial background for many adverse events. 

However, there is an increasing body of evidence to 
suggest that postoperative complications are not be- 
nign. Patients who have postoperative complications 
and who survive the postoperative period have an in- 
creased mortality several months and even years after 
their operation compared to those without. Some data 
indicate that reducing complications improves out- 
come, suggesting that this link is not solely identifying 
patients with poor reserve. 

Any prospective studies intended to evaluate pre- 
dictive factors of perioperative risk rely upon the incor- 
poration of large numbers of patients and scrupulous 
design. Those that have been published tend to agree 
on several factors identified from physiological, demo- 
graphic and laboratory data which can combine to in- 
dicate the likelihood of adverse outcome (Table 17.5). 

In an effort to better manage patients with in- 
creased risk of postoperative morbidity and mortality, 
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clinicians have been encouraged to document the 
predicted risk of complications both before and after 
surgery. There is reasonable evidence that clinical 
judgement alone is not a particularly good predictor 
of the need for critical care in the postoperative period. 


ASA (American Society of 
Anesthesiologists) Grading 


The ASA grading system (Table 17.6) was introduced in 
the 1960s as a simple description of the physical state of 
a patient, along with an indication of whether surgery 
is elective or emergency. Despite its apparent simplicity, 
it remains one of the few prospective descriptions of 
the patient which correlates with the risks of anaesthe- 
sia and surgery. However, it does not embrace all as- 
pects of anaesthetic risk, as there is no allowance for 
inclusion of many criteria such as age or difficulty in 
intubation. In addition, it does not take into account 
the severity of either the presenting disease or the sur- 
gery proposed, nor does it identify factors which can 
be improved preoperatively in order to influence out- 
come. Nevertheless, it is extremely useful and should 
be applied to all patients who present for anaesthesia. 
More recently, the combination of ASA with age of 
patient, urgency and extent of surgery has been shown 
to bea reliable predictor of outcome at a population level 
and uses information readily available preoperatively. 


TABLE 17.5 


Typical Preoperative Features which may Increase the Likelihood of Significant Perioperative 
Complications or Mortality 


Demographic/Surgical Pathophysiological 


Laboratory 


Age >70 years 


Major thoracic, abdominal or 
cardiovascular surgery 


Dyspnoea at rest or on minimal exertion 


MI within 30 days or unstable angina, untreated heart 


Serum urea >20 mmol L” 


Serum albumin <30gL" 


failure or high grade arrhythmias 


Perforated viscus (excluding 
appendix), pancreatitis or 
intraperitoneal abscess 


Intestinal obstruction Confusional state 


Cardiac symptoms requiring medical treatment 


Haemoglobin <10g dL" 


Palliative surgery Clinical jaundice 


Smoking 


Significant weight loss (>10%) in 1 month 


Cytotoxic or corticosteroid 
treatment 


Productive cough with sputum, especially if persistent 


Controlled diabetes 


Haemorrhage or anaemia requiring transfusion 


TABLE 17.6 


ASA Classification of Physical Status 
and the Associated Mortality Rates (for 
Elective and Emergency Cases) 


ASA Rating Description of Patient Mortality Rate (%) 
Class A normally healthy 0.1 
individual 
Class II A patient with mild 0.2 
systemic disease 
Class III A patient with severe 1.8 
systemic disease that is 
not incapacitating 
Class IV A patient with 7.8 
incapacitating systemic 
disease that is a 
constant threat to life 
Class V A moribund patient 9.4 
who is not expected 
to survive 24h with or 
without operation 
Class E Added as a suffix for 
emergency operation 
POSSUM 


This stands for “Physiological and Operative Severity 
Score for the enUmeration of Mortality and mor- 
bidity’. First reported in 1991, this tool was devel- 
oped to compare mortality and morbidity over a 
wide range of general surgical procedures, and takes 
into account 12 physiological and six operative fac- 
tors which are either readily available or predictable 
in the immediate preoperative period (Table 17.7). 
These factors are weighted according to their value, 
and a logistic regression formula applied to calcu- 
late ‘risk of mortality or morbidity. Some groups 
have modified the formula (P-POSSUM) after sug- 
gestions that the original system overestimated the 
risk of death in low-risk patient groups, and oth- 
ers have produced speciality-specific variants (e.g. 
V-POSSUM for elective vascular surgery). It should 
be emphasized that the POSSUM scoring system 
was designed to compare observed with expected 
death rates among populations rather than to pre- 
dict mortality for an individual, and should be ap- 
plied only in this way. 
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TABLE 17.7 


Factors Contributing to the POSSUM 
Score for Risk of Perioperative Mortality 
and Morbidity. A Higher Score is Awarded 
for Increasing Deviation from the ‘Normal’ 
Value or Range 


Physiological Factors Operative Factors 


Age (years) Operative complexity 


Cardiac status Single vs. multiple 


procedures 


Respiratory status Expected blood loss 


Systolic blood pressure Peritoneal contamination 


(blood, pus, bowel content) 


Pulse rate Extent of any malignant 
spread 
Glasgow Coma Score Urgency of surgery 


Haemoglobin concentration 
White cell count 

Serum urea concentration 
Serum sodium concentration 
Serum potassium concentration 


ECG rhythm 


Prediction of Specific Adverse Events 
The Difficult Airway 


There are specific medical or surgical conditions which 
are associated with potential airway problems during 
anaesthesia, such as obesity, the later stages of preg- 
nancy, a large neck, mediastinal tumours and some fa- 
ciomaxillary deformities. Apart from these, it requires 
an experienced anaesthetist to collate various physical 
features which can predict likely difficulty. Several clas- 
sifications or scoring systems have been designed for 
this purpose, although none is entirely reliable; they 
are discussed elsewhere (see Chs 21 and 22). 


Adverse Cardiac Events 


Over 25 years ago, Goldman and colleagues published 
a retrospective analysis of preoperative risk factors 
which were associated with an adverse cardiac event 
following non-cardiac surgery. This topic has been 
re-evaluated extensively in the intervening years, with 
many studies agreeing broadly with Goldman’s con- 
clusions. However, conflicting opinions exist regarding 
identification of the most accurate predictors, probably 
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as a result of the diversity of methods used in these 
studies together with the significant and continued ad- 
vances made in the understanding and management 
of cardiovascular pathophysiology. The most widely 
used risk index currently is Lee’s Revised Cardiac Risk 
Index (Table 17.8). 

It should be noted that many aspects of periopera- 
tive care have changed since the production of these 
cardiac risk indices. 


Respiratory Complications 


Patients at risk of developing postoperative pulmonary 
complications include smokers, those with pre-existing 
lung disease, the obese and those undergoing thoracic 
or abdominal surgery. Unfortunately, predicting the 
likelihood and severity of such adverse events remains 
difficult. Sophisticated tests of pulmonary function (e.g. 
functional residual capacity, closing capacity, pulmonary 


TABLE 17.8 


Lee’s Revised Cardiac Risk Index 


Indicators 


High risk surgical 
procedures 


Intraperitoneal 
Intrathoracic 
Suprainguinal vascular 


History of ischaemic History of myocardial infarction 


heart disease History of positive exercise test 
Current ischaemic chest pain 
Use of nitrate therapy 


ECG with pathological Q waves 


Congestive heart failure History of congestive heart 
failure, pulmonary oedema 

or paroxysmal nocturnal 
dyspnoea 

Physical examination showing 
bilateral rales or S3 gallop 
Chest X-ray showing pulmonary 
vascular redistribution 


Cerebrovascular disease History of transient ischaemic 


attack or stroke 


Risk for Major Cardiac Event (Myocardial Infarction, Pulmonary 
Oedema, Ventricular Fibrillation, Primary Cardiac Arrest, and Complete 
Heart Block): Complication Rates in Patients with 0, 1, 2, or More than 
2 of these Variables were Reported as 0.4%, 1.0%, 7% and 11%. 
Reprinted from Thomas H. Lee, Edward R. Marcantonio, Carol M. 
Mangione et al. Derivation and Prospective Validation of a Simple 
Index for Prediction of Cardiac Risk of Major Noncardiac Surgery. 
Circulation. 1999;100:1043-1049. 
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diffusing capacity, etc.) are no more valuable in assess- 
ment of lung disease than simple spirometric tests, par- 
ticularly vital capacity, FVC and FEV. Blood gas analysis 
should be performed preoperatively if there is concern 
about postoperative lung function; the presence of a pre- 
operative arterial oxygen tension of less than 9 kPa, to- 
gether with the presence of dyspnoea at rest, is the most 
sensitive method of predicting the need for mechanical 
ventilation in the postoperative period. 

There are scoring tools available for prediction of 
postoperative respiratory complications such as pneu- 
monia and respiratory failure. 


PREOPERATIVE PREPARATION 


Having taken a full clinical history, performed a physi- 
cal examination and reviewed the relevant investiga- 
tions, the anaesthetist should decide whether further 
measures are required to prepare the patient satisfac- 
torily before proceeding to anaesthesia and surgery. 
This is the time to address any factors which place the 
patient at increased risk of adverse outcome and which 
could be improved to the patient’s benefit before sur- 
gery. It is also appropriate to consider factors such as 
preoperative fasting; providing information to the pa- 
tient and obtaining consent to proceed; ensuring blood 
products are available during the perioperative period 
if this is thought necessary; and organizing appropriate 
staff and equipment within the operating theatre suite. 


Postponing Surgery for Clinical Reasons 


There are several common reasons for postponing 
surgery, some of which are mentioned below. One key 
issue relates to communication; the reason(s) for the 
decision to postpone surgery must be clear to the pa- 
tient, the surgical team and any other staff who have 
been contacted to review the patient (e.g. cardiologists, 
physiotherapists). This helps to ensure that the time 
course for any improvement remains realistic and ap- 
parent to everyone involved, and that it can be balanced 
against the possible detriment of delaying surgery. 


Acute Upper Respiratory Tract Infection 


Although many patients may admit to the presence 
of a cold, clarification of such an admission should 
be made. In general, the presence of nasal secretions, 


pyrexia or the unexpected presence of physical signs 
on clinical examination of the chest indicate that non- 
urgent surgery should be postponed for a few weeks 
until the patient has recovered. 


Coexisting Medical Disease and Drug Therapy 


If the patient has coexisting medical disease which 
may affect outcome adversely if not under optimum 
control, there is a strong argument to postpone non- 
urgent surgery until further specialized advice has 
been sought. Examples include thyroid disease, and 
acute exacerbations of inflammatory diseases such as 
multiple sclerosis, inflammatory bowel disease and 
autoimmune diseases. 


Emergency Surgery for Which the Patient has not 
been Resuscitated Adequately 


In some emergency patients, it may be necessary to 
delay surgery to optimize the patient’s physiology, but 
this should be balanced against the risks of deterio- 
ration due to the underlying disease process. Acutely 
unwell patients with surgical pathology are unlikely 
to make significant improvements if the underlying 
condition is not addressed, unless they are grossly 
hypovolaemic. In practice, resuscitation should pro- 
ceed at the same time that preparations for surgery 
are made. 

Surgery for haemorrhage control in trauma is dis- 
cussed elsewhere (see Ch 37). 


Recent Ingestion of Food 


In general, anaesthesia for elective surgery should 
not be undertaken within 6h of ingestion of food, al- 
though clear fluids may be taken up to 2h before sur- 
gery (see below). 


Failure to Obtain Consent 


Consent for surgery should be obtained from all adult 
patients unless the patient is incapable of providing 
consent and the treatment proposed is clearly in his 
or her best interests (see below). If there is any doubt 
regarding the validity of the consent, surgery should be 
postponed where feasible until appropriate advice has 
been obtained. 
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Preoperative Fasting 


The time of last oral intake of solid and fluid must 
be established. One of the commonest causes of 
anaesthetic-related mortality and morbidity is aspira- 
tion of gastric contents. 

Many anaesthetic departments have re-evaluated 
their standing orders on the issue of preoperative fast- 
ing for clear fluids in light of clinical studies which 
have demonstrated the speed of gastric emptying in 
healthy adults. Several important points need to be 
emphasized on this topic: 


m There are many factors which can increase the 
likelihood of significant gastric content regard- 
less of the period of starvation (e.g. pain, anxiety, 
some drugs and premedication including opioid 
analgesics, paralytic ileus, later stages of preg- 
nancy, etc.). 

= The normal daily secretion of gastric fluid can 
approach 2000mL in adults; consequently, the 
stomach is never truly ‘empty’. 

m Clinical studies which encourage changes in 
practice should be scrutinized carefully to en- 
sure that the results are not extrapolated beyond 
the sample of the population upon which they 
were based. 


Providing Information to the Patient and 
Obtaining Consent 


Consent for anaesthesia is a vital part of preoperative 
preparation. It is discussed more fully in Chapter 19. 
It must be obtained by an individual with sufficient 
knowledge of the procedure and the risks involved. In 
order for consent to be valid, it must encompass three 
elements: 


= The patient must have the capacity to consent to 
the treatment offered. 

= The patient must have sufficient information to 
enable him/her to make a balanced decision to 
consent. 

= The consent must be voluntary. 


Capacity to consent refers to the patient’s ability to 
comprehend the information provided, come to a de- 
cision on what is involved and communicate that deci- 
sion. There is no fixed age limit below which a minor 
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cannot consent to treatment, although caution should 
be exercised when dealing with patients aged less than 
16 years; if in doubt, consent should also be sought 
from a person with parental responsibility. Capacity 
may also be invalidated by a patient’s confusion, pain, 
shock or fatigue, and administration of some drugs 
such as opioid analgesics or benzodiazepine premedi- 
cation. Appropriate advice should be sought if there is 
any concern. 

Patients are confronted by a barrage of information 
on arrival in hospital, in addition to having to comply 
with an often alien environment with its own routines 
and practices. It is common for surgical consent forms 
to include consent to anaesthesia, despite the fact that 
the surgical team rarely has the knowledge to inform 
the patient fully on this subject. During the preopera- 
tive visit, the anaesthetist must ensure that the patient 
has been given an adequate amount of information 
about the proposed anaesthetic technique, and in par- 
ticular its nature and consequences. The amount of 
information provided should be determined by an as- 
sessment of the needs of the patient to receive detailed 
information and the likelihood of adverse events. 


m All patients should be told of common compli- 
cations associated with the proposed anaesthetic 
technique (e.g. succinylcholine pains, postdural 
puncture headache). 

m All patients should be told what they may ex- 
perience in the perioperative period, including 
temporary numbness and weakness in the post- 
operative period if a local or regional technique 
is to be used. 

m Ifa technique of a sensitive nature (e.g. insertion 
of an analgesic suppository) is to be used during 
anaesthesia, the patient should be informed. 

m Patients should be informed of any increased risk 
related to their preoperative condition (e.g. dam- 
age to loose or crowned teeth, or cardiac compli- 
cations in the presence of severe coronary artery 
disease). 

m All patients should be given the opportunity to 
ask questions, and specific questions relating to 
anaesthesia must be answered honestly; if the 
questions relate to surgery, then the anaesthetist 
should ensure that a surgeon speaks to the pa- 
tient before anaesthesia is induced. 
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= A summary of the matters discussed, the risks 
explained and the techniques agreed should be 
documented on the anaesthetic record. 


In many hospitals, patients receive information 
leaflets which describe anaesthesia and its associated 
risks. 


Blood Transfusion Requests 


Blood products are an expensive commodity and 
blood transfusion carries small but finite risks of in- 
compatibility reactions and transmission of infection. 
In addition, there is the potential for supplies to be 
short, and the need for transfusion should be consid- 
ered very carefully. The object of transfusion is to en- 
sure that adequate oxygen delivery to the tissues can 
be maintained throughout the perioperative period. 
The amount of blood ordered from the blood transfu- 
sion service depends on both the patient’s preoperative 
haemoglobin concentration and the anticipated extent 
of surgery. Consideration should also be given to the 
use of anaesthetic techniques which reduce intraoper- 
ative blood loss, the use of cell salvage techniques peri- 
operatively if available, preoperative red cell donation 
immediately before surgery or acute normovolaemic 
haemodilution. 

Common operations should have agreed policies in 
place regarding transfusion requests. With the advent 
of electronic issue of blood in many hospitals, for- 
mal cross-matching before surgery is less commonly 
needed than previously. 


Preoperative Organization of the 
Operating Theatre and the Postoperative 
Period 


The process of preoperative assessment provides the 
anaesthetist with a wealth of information about the 
patient and the proposed surgery. This allows the anaes- 
thetist to plan various aspects of perioperative manage- 
ment. Some aspects must be conveyed to staff in the 
operating theatre suite in advance. Examples include 
the planned use of invasive monitoring, issues related 
to patient positioning and any special needs the pa- 
tient might have, such as an interpreter. If senior anaes- 
thetic assistance is needed, this should be arranged in 
advance, and organization of appropriate postoperative 
care should also be initiated. 
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This information should be discussed, as a mini- 
mum, at the preoperative briefing. Clearly, many of 
these issues need addressing before this time. 


PREMEDICATION AND OTHER 
PROPHYLACTIC MEASURES 


Premedication refers to the administration of drugs in 
the period 1-2h before induction of anaesthesia. The 
traditional intramuscular opioid premedication is no 
longer a routine part of preoperative preparation, but 
the need for premedication must be considered after 
all of the relevant factors have been identified. The ob- 
jectives of premedication are to: 


allay anxiety and fear 

reduce postoperative nausea and vomiting 

assist with intra- and postoperative analgesia 
reduce secretions 

reduce the volume and increase the pH of gastric 
contents 

m attenuate vagal reflexes 

m attenuate sympathoadrenal responses. 


Relief from Anxiety 


Surgical patients have a high incidence of anxiety 
and there is a significant inverse relationship between 
anxiety and smoothness of induction of anaesthe- 
sia. Relief from anxiety is accomplished most effec- 
tively by non-pharmacological means, which may be 
termed psychotherapy. This is effected at the preop- 
erative visit by establishment of rapport, explanation 
of events which occur in the perioperative period and 
reassurance regarding the patient’s anxieties and fears. 
There is good evidence that this approach has a sig- 
nificant calming effect. 

In some patients, reassurance and explanation may 
be insufficient to allay anxiety. In these patients, it is 
appropriate to offer anxiolytic medication; benzodiaz- 
epine drugs are the most effective for this purpose. 


Sedation 


Sedation is not synonymous with anxiolysis. Some 
drugs, e.g. barbiturates and to a lesser extent opi- 
oids, provide sedation but have no anxiolytic prop- 
erties. In general, it is unnecessary to use a sedative 


preoperatively. An exception to this may be in paedi- 
atric practice. It is unwise to administer any sedative 
medication if the patient is in a critical condition, par- 
ticularly if the airway and/or respiratory function are 
at risk of compromise. 


Postoperative Antiemesis 


Nausea and vomiting are extremely common after an- 
aesthesia. Opioid drugs administered during and after 
operation are often responsible. Antiemetics may be 
given usefully as an oral premedication, particularly in 
day-case surgery. 


Analgesia 


Paracetamol. Paracetamol is a cheap and effective 
analgesic when given as an oral premedication. Many 
day-case and children’s surgery units do this as rou- 
tine. Logistical reasons prevent many main theatre 
units from doing this, but the anaesthetist should al- 
ways consider prescribing paracetamol at the preop- 
erative visit. 


Non-Steroidal Anti-Inflammatory Drugs (NSAIDs). 
Similarly to paracetamol, NSAIDs can be given safely 
and effectively as premedication, with due consider- 
ation to contraindications and ensuring that a second 
dose is not given inadvertently in theatre or the recov- 
ery room. 


Opioid Analgesics. The main indication for preop- 
erative opioid therapy is treatment of pain but, oth- 
erwise, premedication with opioids is rarely used now. 
Opioids should always be used in combination with an 
antiemetic agent. 


Reduction in Secretions 


Ether stimulates the production of secretions from 
pharyngeal and bronchial glands and premedication 
with an anticholinergic agent was common before 
ether anaesthesia. This problem occurs rarely with 
modern anaesthetic agents and anticholinergic pre- 
medication is no longer used as a routine. However, 
premedication with an anticholinergic drug is advis- 
able for patients in whom an awake fibreoptic intuba- 
tion is planned (when excessive salivation can create 
extra difficulty), or before using ketamine. 
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Reduction in Gastric Volume and Elevation of 
Gastric pH 


In patients who are at risk of vomiting or regurgitation 
(e.g. emergency patients with a full stomach or elective 
patients with hiatus hernia), it may be desirable to pro- 
mote gastric emptying and elevate the pH of residual 
gastric contents. Gastric emptying may be enhanced 
by the administration of metoclopramide, which also 
possesses some antiemetic properties, while elevation 
of the pH of gastric contents may be produced by ad- 
ministration of sodium citrate. This topic is described 
in greater detail in Chapter 37. 


Reduction in Vagal Reflexes 


Premedication with an anticholinergic drug may be 
considered in specific situations in which vagal brady- 
cardia may occur. 


= Traction of the eye muscles, particularly the rectus 
medialis, during squint surgery may result in 
bradycardia and/or arrhythmias (the oculocardiac 
reflex). Premedication with atropine protects against 
this but it is not as effective as the intravenous ad- 
ministration of atropine at induction of anaesthe- 
sia or in anticipation of traction of the muscles. 

= Repeated administration of succinylcholine of- 
ten results in bradycardia, which sometimes 
proceeds to asystole. Administration of atropine 
should always precede the administration of a 
second dose of succinylcholine. 

m Surgical stimulation during a balanced an- 
aesthetic technique may be associated with 
bradycardia — particularly during laparoscopy. 

m The administration of propofol to patients with 
a slow heart rate may result in dangerous degrees 
of bradycardia. 


Limitation of Sympathoadrenal Responses 


Induction of anaesthesia and tracheal intubation may 
be associated with marked sympathoadrenal activity, 
manifest by tachycardia, hypertension and elevation 
of plasma catecholamine concentrations. These re- 
sponses are undesirable in the healthy individual and 
may be harmful in patients with hypertension or isch- 
aemic heart disease. A B-blocker drug or clonidine may 
be given as premedication in order to attenuate these 
responses. 
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Drugs Used for Premedication 


Some of the objectives listed above may be achieved 
by administration of drugs at induction or during 
maintenance of anaesthesia. The ability to achieve 
all objectives by administration of a variety of drugs 
either preoperatively or at induction is responsible 
for the wide variation in prescribing habits among 
anaesthetists. 


Benzodiazepines 


Benzodiazepines possess several properties which are 
useful for premedication, including anxiolysis, seda- 
tion and amnesia. The extent of each of these effects 
differs among individual drugs. Diazepam was the first 
drug of this group to be used commonly, although te- 
mazepam (10-30 mg) is now often preferred because 
of its shorter duration of action. Lorazepam (1-5 mg) 
produces a greater degree of amnesia than the other 
drugs in this group. Benzodiazepines produce anxio- 
lysis in doses which do not produce excessive sedation 
and this is advantageous if respiratory function is com- 
promised; however, great caution should be exercised 
in these patients because depression of ventilation may 
be precipitated even by small doses. Some benzodiaz- 
epines may be administered by intramuscular injec- 
tion but evidence suggests that oral administration 
gives better results. There is a very wide variation in 
response to benzodiazepines and effects may be unpre- 
dictable. A specific antagonist (flumazenil) is available. 


Anticholinergic Agents 


The three anticholinergic agents used commonly 
in anaesthesia are atropine, hyoscine and glycopyr- 
ronium. Atropine and hyoscine are tertiary amines 
which cross the blood-brain barrier; glycopyrronium 
is a quaternary amine which does not cross the blood- 
brain barrier and which is not absorbed from the gas- 
trointestinal tract. Although atropine is absorbed from 
the gastrointestinal tract, this occurs in an unpredict- 
able manner and is dependent on gastric content, pH 
and motility. 

These three drugs differ in respect of their dose- 
response effects at various cholinergic receptors. In 
standard clinical doses, hyoscine 0.4mg produces a 
greater antisialagogue effect than atropine 0.6 mg and 
has little action on cardiac vagal receptors. Hyoscine 
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possesses sedative and amnesic actions and, in con- 
trast to atropine, does not cause stimulation of higher 
centres. Hyoscine should be avoided in the elderly 
(over 60 years of age) as it can produce dysphoria and 
restlessness. Glycopyrronium has no central effects, 
a much longer duration of action and, in a standard 
clinical dose of 0.4 mg, causes less change in heart rate 
than atropine 0.6 mg. 

Anticholinergic drugs are used clinically to produce 
the following effects: 


m Antisialagogue effects. Glycopyrronium and hyo- 
scine are more potent than atropine in this re- 
spect. These drugs block secretions when irritant 
anaesthetic gases are used and reduce excessive 
secretions and bradycardia associated with suc- 
cinylcholine when it is given either repeatedly or 
as an infusion. 

= Sedative and amnesic effects. In combination with 
morphine, hyoscine produces powerful sedative 
and amnesic effects. 

= Prevention of reflex bradycardia. Anticholinergics 
are given for both prophylaxis and treatment of 
bradycardia. Atropine is used commonly as pre- 
medication in ophthalmic surgery to block the 
oculocardiac reflex in patients undergoing squint 
surgery and has been used also in small children 
to reduce the bradycardia which may occur in as- 
sociation with halothane anaesthesia. 


Side-effects of anticholinergic drugs include the 
following: 


= CNS toxicity. The central anticholinergic syn- 
drome is produced by stimulation of the CNS 
(usually by atropine). Symptoms include restless- 
ness, agitation and somnolence and, in extreme 
cases, convulsions and coma. With hyoscine, 
there is more commonly prolonged somno- 
lence. Physostigmine 1-2 mg i.v. has been rec- 
ommended to reverse the central anticholinergic 
syndrome, but is no longer available in the UK. 
Diazepam has been reported to have a beneficial 
effect but the patient must be observed closely 
and steps taken if necessary to deal with depres- 
sion of ventilation or upper airway obstruction. 

m Reduction in lower oesophageal sphincter tone. 
Theoretically, a reduction in tone may lead to an 


increased risk of gastro-oesophageal reflux, al- 
though in clinical practice there is no suggestion 
that the use of anticholinergics for premedica- 
tion is associated with an increased incidence of 
regurgitation and aspiration. 

m Tachycardia, which should be avoided in patients 
with cardiac disease (e.g. obstructive cardio- 
myopathy, valvular stenosis or ischaemic heart 
disease) or when a hypotensive anaesthetic tech- 
nique is planned. 

m Mydriasis and cycloplegia, which lead to visual 
impairment. This may be troublesome, but is 
not a serious side-effect. Theoretically, mydria- 
sis may be associated with reduced drainage of 
aqueous humour from the anterior chamber of 
the eye, thereby increasing intraocular pressure 
in patients with glaucoma. However, this effect 
is not important in practice and atropine may be 
prescribed safely to patients with glaucoma pro- 
vided that appropriate therapy is maintained. 

= Pyrexia. By suppressing secretion of sweat, anti- 
cholinergics predispose to an increase in body 
temperature. These drugs should therefore be 
avoided in the presence of pyrexia, particularly 
in children. 

m Excessive drying. Although anticholinergics are 
given for the specific purpose of producing anti- 
sialagogue effects, this may be most unpleasant 
for the patient. 

m Increased physiological dead space. Atropine and 
hyoscine increase physiological dead space by 
20-25%, but this is compensated for by an in- 
crease in ventilation. 


B-Blockers 


The use of -blockers (e.g. atenolol) during the peri- 
operative period limits the haemodynamic response 
to nociceptive stimuli, such as tracheal intubation and 
surgical stimulation, and inhibits the neuroendocrine 
stress response. Recent studies concerning the use of 
B-blockers in patients at risk of coronary artery dis- 
ease are still controversial. Current advice is not to pre- 
scribe prophylactic B-blockers indiscriminately in the 
perioperative period, but withdrawal of B-blockers in 
patients receiving chronic treatment may be harmful; 
such patients should continue their B-blocker therapy. 
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PREOPERATIVE ASSESSMENT AND PREMEDICATION 


TABLE 17.9 


Prophylactic Measures Against Specific Complications 


Complication 


Methods of Prophylaxis 


Deep vein thrombosis 


Early postoperative mobilization 


Leg exercises (active/passive) 


Pneumatic compression of limbs 
Electrical stimulation of calf muscles 


Graduated stockings 


Low-dose subcutaneous heparin 
Warfarin anticoagulation 


(Regional anaesthetic techniques, especially for orthopaedic lower-limb procedures) 


Aspiration of gastric contents Nil by mouth 


Antacids: sodium citrate 


H,-antagonists 
Omeprazole 


Metoclopramide 


Infection 
Surgical procedure 
Infective endocarditis 


Directed by local or national practice with advice of microbiologists 
Follow guidelines of the Endocarditis Working Party 


Adrenocortical suppression - suggested 

for patients who have received exogenous 
systemic steroids (>10 mg prednisolone/ 
day) during the 2 months preceding surgery 


Clonidine and Dexmedetomidine 


These are aœ -agonists which potentiate anaes- 
thetics by decreasing central noradrenergic ac- 
tivity. Dexmedetomidine is more specific for the 
a,-receptor and probably has greater potential as a 
premedicant. Administration results in decreased 
intraoperative requirements for inhaled anaesthetic 
agents or propofol, although recovery times may be 
prolonged. These agents may also have a role in at- 
tenuating sympathoadrenal responses at induction 
of anaesthesia. 


Other Prophylactic Measures 


Thought should be given to the value of giving pro- 
phylactic treatment for the specific situations summa- 
rized in Table 17.9. 
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any patients presenting for anaesthesia and sur- 


gery suffer from intercurrent disease and are often re- 
ceiving a variety of medications. Many are elderly with 
limited physiological reserve, and may also be suffering 
from more advanced intercurrent disease. All these fac- 
tors influence the conduct of anaesthesia and surgery 
and must be considered when assessing and managing 
a patient perioperatively. 

Intercurrent diseases may have a variety of effects 
on anaesthesia and surgery: 


m the course of the disease may be modified by an- 
aesthesia and surgery 

m the disease may influence the effects of anaesthesia 

m concurrent drug therapy may influence the ef- 
fects of anaesthesia 

m the choice of anaesthetic technique may be affected 

m normal compensatory responses may be affected. 


In severe cases, the patient’s condition may preclude 
a successful outcome from the proposed anaesthesia 
and surgery. In assessing the patient with co-existing 
disease, it is important to consider: 


m the patient’s physiological reserve or functional 
capacity 

= the extent of surgery 

m the disease processes involved and whether they 
can be improved before surgery. 


Physiological Reserve 


It is increasingly recognized that physiological re- 
serve is an important predictor of outcome from 
major surgery. Cardiopulmonary exercise (CPEX) 


INTERCURRENT DISEASE 
AND ANAESTHESIA 


testing is a useful tool to allow preoperative assess- 
ment of cardiovascular and respiratory reserve and 
the ability to withstand the stresses of major sur- 
gery. More simply, or where CPEX testing is unavail- 
able, the capacity of the cardiorespiratory system to 
respond adequately to perioperative stress can be es- 
timated in terms of metabolic equivalents (METs). If 
a patient has no major cardiac risk factors (see below) 
and can achieve more than 4 METs of activity with- 
out significant cardiorespiratory symptoms then the 
perioperative risk of an adverse cardiac event is low 
(Table 18.1). It may be possible to improve cardio- 
respiratory reserve before surgery in some patients. 
Knowledge of physiological reserve will guide the 
choice of anaesthetic technique, the level of moni- 
toring used and the requirement for Level 2 or Level 
3 care postoperatively. 


Extent of Surgery 


This determines the level of physiological stress which 
the patient will experience. High-risk operations (car- 
diac morbidity >5%) include aortic and other major 
vascular procedures; intermediate risk procedures 
include intraperitoneal, intrathoracic, major ortho- 
paedic or urological surgeries, and also procedures 
anticipated to be prolonged and to involve significant 
fluid shifts and blood loss (‘Table 18.2). Following dis- 
cussion with the patient and surgeon, it may be appro- 
priate in some cases to consider alternatives to surgery 
or a less major operation if the patient is considered at 
too high a risk. In some cases the appropriate decision 
is not to undergo surgery. 
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TABLE 18.1 


Metabolic Equivalent (MET) Levels for 
Readily Assessed Activity Levels 


MET Score Approximate Level of Activity 

1 Dress, walk indoors 

2 Light housework, slow 
walk 

4 Climb one flight of stairs, 
run a short distance 

6 Moderate sport, e.g. golf, 
doubles tennis or dancing 

10 Strenuous sports or 


exercise 


One MET is approximately equivalent to an oxygen consumption of 
3.5mL kg"! min. 

Adapted from Fleisher LA, Beckman JA, Brown KA et al 2007 ACC/ 
AHA guidelines on perioperative cardiovascular evaluation and care 
for noncardiac surgery: executive summary: a report of the American 
College of Cardiology/American Heart Association Task Force on 


Practice Guidelines. J Am Coll Cardiol 50:1707-1732. 


TABLE 18.2 


Cardiac Risk* Stratification for Non- 
Cardiac Surgical Procedures 


Risk Stratification Procedure Examples 


Vascular (reported cardiac risk 
often more than 5%) 


Aortic and other major 
vascular surgery 
Peripheral vascular surgery 


Intermediate (reported cardiac Intraperitoneal and 


risk generally 1% to 5%) intrathoracic surgery 
Carotid endarterectomy 
Head and neck surgery 
Orthopaedic surgery 


Prostate surgery 


Low! (reported cardiac risk Endoscopic procedures 


generally less than 1%) Superficial procedures 
Cataract surgery 
Breast surgery 


Ambulatory surgery 


*Combined incidence of cardiac death and non-fatal myocardial 
infarction. 

tThese procedures do not generally require non-invasive testing. 
Adapted from Fleisher LA, Beckman JA, Brown KA et al 2007 
ACC/AHA guidelines on perioperative cardiovascular evaluation 
and care for noncardiac surgery: a report of the American College 
of Cardiology/American Heart Association Task Force on Practice 
Guidelines. J Am Coll Cardiol 50:1707-1732. 
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Specific Disease Processes 


All patients presenting for surgery should have a full 
clinical history and examination. Past medical history, 
including previous anaesthesia, regular medications 
and allergies (including food) are important. Previous 
anaesthetic records should be reviewed where avail- 
able. Appropriate targeted investigations may then be 
planned. 


CARDIOVASCULAR DISEASE 


Ischaemic Heart Disease 


The presence of coronary, cerebral or peripheral vas- 
cular disease defines a group of patients at increased 
risk from anaesthesia and surgery, manifesting as post- 
operative cardiovascular events such as myocardial 
ischaemia and infarction, arrhythmias, cardiac failure 
and in some cases death. Major surgery causes physi- 
ological stress leading to increased sympathetic activ- 
ity, cardiac work and oxygen demand. Activation of 
coagulation and associated reduction in fibrinolysis 
leads to a prothrombotic state which predisposes to 
coronary thrombosis in some at-risk patients. 

The presence of uncompensated left ventricu- 
lar failure and a low left ventricular ejection fraction 
are also defined as active cardiac conditions. This is 
a result partly of the close association with coronary 
vascular disease and is also due to the resultant reduc- 
tion in cardiac reserve. These should be assessed and 
treated before any non-emergency surgery. 

Diabetes mellitus, a history of stroke, previous or 
treated heart failure and impaired renal function (cre- 
atinine >177 umol L~’) are independent risk factors 
associated with perioperative myocardial ischaemia 
and infarction. The extent of preoperative testing re- 
quired is dictated by the patient's functional status and 
the type of intended surgery. 

Hypertension alone is now considered to be a rela- 
tively low risk factor. However, it is often a marker of 
significant underlying vascular disease. 


Preoperative Assessment 
The aims of preoperative assessment in this group are to: 
m define the fitness of the patient for the proposed 


anaesthetic and surgery 
= delineate the level of risk of the procedure 


m decide on the most appropriate anaesthetic 
technique 

m assess the requirement for preoperative therapy 
to be initiated, for example B-blockade or blood 
transfusion 

m assess the level of perioperative monitoring required 

m decide on the patient’s postoperative manage- 
ment, including where this should take place. 


The Lee revised cardiac risk index for patients un- 
dergoing non-cardiac surgery identifies several inter- 
mediate risk factors (Table 18.3). The presence of two 
or more of these factors has been shown to identify pa- 
tients with moderate (7%) and high (10%) risk of car- 
diac complications. There is evidence that this increased 
risk may continue for 6 months following surgery. 


m high-risk surgery (defined as intraperitoneal, in- 
trathoracic or suprainguinal vascular surgery) 

m ischaemic heart disease diagnosed either from 

the history or investigation 

congestive heart failure 

cerebrovascular disease 

insulin-dependent diabetes mellitus 

renal impairment (creatinine >177pmol L~’). 


TABLE 18.3 


Stratification of Risk Factors for Patients 
Undergoing Non-Cardiac Surgery 


Active cardiac condition: 

Unstable coronary syndrome (MI within 30 days, PCI within 
last 6 weeks) 

Decompensated heart failure 

Significant arrhythmias 

Severe valvular disease 


Intermediate Factors according to the Revised Cardiac Risk Index: 
History of heart disease 

History of compensated or prior heart failure 

History of cerebrovascular disease 

Diabetes mellitus* 

Renal impairment 


*The original Lee Revised Cardiac Risk Index included only diabetes 
treated with insulin, though it is now thought that Type II diabetes is 
also an intermediate risk factor. 

Adapted from Fleisher LA, Beckman JA, Brown KA et al 2007 ACC/ 
AHA guidelines on perioperative cardiovascular evaluation and 

care for noncardiac surgery: a report of the American College of 
Cardiology/American Heart Association Task Force on Practice 
Guidelines. J Am Coll Cardiol 50:1707-1732. 

MI, myocardial infarction; PCI, percutaneous coronary intervention. 
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History. Symptoms of cardiovascular disease include 
chest pain, dyspnoea, palpitations, ankle swelling and 
intermittent claudication. Past medical history and 
medical records usually reveal the nature and sever- 
ity of disease, as many patients with cardiovascu- 
lar symptoms will already have undergone relevant 
investigations. 


Examination. Preoperative cardiovascular examina- 
tion should include measurement of heart rate, arte- 
rial pressure and assessment of peripheral pulses and 
perfusion. Signs of heart failure should be sought, in- 
cluding a third heart sound, elevated jugular venous 
pressure and fine basal crepitations on auscultation 
of the lung fields. The heart should be auscultated for 
murmurs indicative of valvular disease. In particu- 
lar, it is vital to make the diagnosis of aortic stenosis 
pre-operatively. 

Testing the patient’s exercise capacity in the ward or 
on a flight of stairs is a simple, but useful, assessment of 
functional reserve. The inability to climb two flights of 
stairs indicates a very high risk of cardiopulmonary com- 
plications after major high-risk surgery. 


Risk Stratification. Assessment of the patient’s risk 
of a perioperative cardiac event provides prognostic 
information. These issues may be discussed with the 
patient and appropriate written information provided. 
Adequate provision of information and the opportu- 
nity to ask questions has been shown to allay preop- 
erative anxiety. Assessment also guides perioperative 
investigation and management. 

In patients with an active cardiac condition de- 
fined as unstable coronary syndrome, decompensated 
heart failure, significant arrhythmias or severe valvu- 
lar disease (Table 18.3), only emergency procedures 
should be considered. Elective procedures should be 
postponed for evaluation, testing and optimization 
of the patient’s active cardiac condition to minimize 
perioperative risk. The need for evaluation and further 
testing depends on the risks associated with a par- 
ticular surgical procedure, the patient’s physiological 
reserve or functional capacity, and whether testing 
would change management. Patients undergoing low- 
risk surgery, or those with proven good functional ca- 
pacity undergoing intermediate or higher risk surgery, 
can usually proceed to surgery. They will only require 
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further invasive cardiac investigations if it would 
change management (i.e. they would require medical 
optimization or be a candidate for coronary revascu- 
larization) (Fig. 18.1). 

For example, patients who have sustained a myo- 
cardial infarction (MI) within the 30 days before 
proposed surgery are a high-risk group. As a result 
of increased sympathetic stimulation and the coagu- 
lation activation secondary to surgery, such patients 
have a very high risk (up to 28%) of perioperative MI, 
which carries a high (10-15%) mortality. A history of 
uncomplicated MI more than 30 days before surgery is 
no longer considered an absolute contraindication to 
elective surgery, provided that the patient is symptom- 
free and has a good exercise capacity (see Table 18.1). 

If there is no urgency for surgery however, it is 
best to wait until 3 months after MI when, if patients 
are asymptomatic with a good exercise capacity, they 
rejoin the low-risk group. 

Asymptomatic patients who have undergone suc- 
cessful coronary artery bypass grafting more than 
6 weeks before surgery constitute a low-risk group. 
Indeed, the mortality in this group is less than in a 
matched group with well-controlled angina on medi- 
cal therapy. However, the risk of coronary artery sur- 
gery itself negates this benefit. It is therefore recognized 
that major cardiac interventions such as bypass graft- 
ing are indicated before non-cardiac surgery only if the 
patient’s underlying cardiac condition merits interven- 
tion for its own sake. This is the case for patients with 
severe triple vessel disease or significant left main stem 
stenosis. 

Increasing numbers of patients now present for 
non-cardiac surgery having undergone percutaneous 
coronary interventions (PCI), particularly intracoro- 
nary stenting (ICS). Guidelines for the optimal peri- 
operative management of these patients have been 
produced (Fig. 18.2). There are a number of impor- 
tant points. Firstly, it is beneficial to discuss the pa- 
tient’s management with an experienced cardiologist. 
The risk of non-cardiac surgery in patients with in- 
tracoronary stents depends on the timing of surgery 
related to insertion of the stent and the type of stent 
used. Bare metal stents have been largely superseded by 
drug-eluting stents, which contain a cytotoxic agent. 
This is slowly released from the ICS to limit endothe- 
lialization, which reduces the incidence of thrombosis 
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and stenosis within the stent itself. However, more 
prolonged and intensive antiplatelet therapy is re- 
quired for drug-eluting stents because they are at 
increased risk of thrombosis until re-endothelialization 
has occurred. Following insertion of any ICS, there 
is an initial requirement for dual antiplatelet therapy 
(e.g. aspirin and clopidogrel). Non-cardiac surgery 
should be avoided during this time if possible. If an- 
tiplatelet therapy is stopped, the risk of stent throm- 
bosis (which carries a 7% mortality) is high, while 
continuing therapy increases the risk of perioperative 
bleeding. The duration of dual antiplatelet therapy 
should be a minimum of one month after bare metal 
stents and up to 12 months for drug-eluting stents. It 
is recommended that even urgent surgery should be 
postponed for at least 4—6 weeks after ICS insertion, 
and elective surgery deferred for 3 months after bare 
metal stent, and for 12 months after drug-eluting 
stent insertion. If possible, even beyond these times, 
aspirin should be continued throughout the periop- 
erative period, particularly because abrupt cessation 
of aspirin increases thrombogenicity. In the future, 
the possibility of bridging therapy with short-acting 
glycoprotein [b/Ila inhibitors such as tirofiban may 
be considered. 

As with coronary revascularization procedures, 
and due to the risks outlined, there is no place for 
prophylactic coronary stenting before surgery un- 
less this is independently indicated for the cardiac 
condition. 


Investigations. Standard investigations including 
haematology, biochemistry, an ECG and chest X-ray 
are necessary in all patients with proven or suspected 
cardiovascular disease. A coagulation screen may be 
indicated. 

Subsequent investigations depend on the assessed 
risk for the patient and the clinical findings. 

All patients found to have a murmur should have 
preoperative echocardiography. Significant aortic ste- 
nosis, for example, is associated with an increased risk 
of perioperative cardiovascular events and may be dif- 
ficult to confirm and grade on clinical grounds alone. 
Echocardiography also provides useful information on 
left ventricular function. 

Additional cardiovascular investigations are in- 
dicated only if they influence management. The 
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Perioperative surveillance 


Need for emergency Yes ; and postoperative risk 
: ti > 
Step 1 noncardiac surgery? (class |, LOE C) operatingiroarm stratification and risk 
] factor management 
Step 2 Active cardiac Yes Evaluate and treat per Evaluate and treat per 
Ie conditions* (class |, LOE B) ACC/AHA guidelines >| ACC/AHA guidelines 
Step 3 Low risk surgery Yes Proceed with 
(class |, LOE B) planned surgery 
Good functional capacity : 
Step 4 (MET level >4) baan with 
without symptomst (class I, LOE B) planned surgery 
Step 5 No or unknown 


3 or more clinical 
risk factors? 


No clinical 
risk factors 


1 or 2 clinical 
risk factors* 


Vascular Intermediate Vascular Intermediate Class |, 
surgery risk surgery surgery risk surgery LOE B 
Class Ila, LOE B 


Consider testing 
if it will change 
management 


Proceed with planned surgery with HR controls 
(class lla, LOE B) or consider noninvasive testing 
(class IIb, LOE B) if it will change management 


Proceed with 
planned surgery 


FIGURE 18.1 


Cardiac evaluation and care algorithm for noncardiac surgery based on active clinical conditions, known 


cardiovascular disease, or cardiac risk factors for patients 50 years of age or greater. *See Table 18.3 for active cardiac condi- 
tions. ‘See Table 18.1 for estimated MET level equivalent. #Clinical risk factors include ischaemic heart disease, compensated 
or prior heart failure, diabetes mellitus, renal insufficiency, and cerebrovascular disease (Table 18.3). SConsider periopera- 
tive beta blockade for populations in which this has been shown to reduce cardiac morbidity/mortality. ACC/AHA indicates 
American College of Cardiology/American Heart Association. HR, heart rate; LOE, level of evidence; and MET, metabolic 
equivalent. (Adapted from Fleisher LA, Beckman JA, Brown KA et al 2007 ACC/AHA guidelines on perioperative cardiovascular evaluation 
and care for noncardiac surgery: a report of the American College of Cardiology/American Heart Association Task Force on Practice Guidelines. 
J Am Coll Cardiol 50:1707—1732.) 
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Previous PCI 


Balloon angioplasty 


Bare metal stent | 


Drug-eluting stent 


<14 >14 
days days 


| | l 


Time since PCI 


<30-45 
days 


>30-45 <365 
days days 


| I | 


Delay for elective 


nonurgent surgery with aspirin 


Proceed to the 
or operating room 


Delay for elective Proceed to the 
or operating room 
nonurgent surgery with aspirin 


FIGURE 18.2 


Recommended timing of noncardiac surgery following percutaneous coronary intervention (PCI) depends on 


whether a stent was placed and the type of stent used. (Adapted from Fleisher LA, Beckman JA, Brown KA et al 2007 ACC/AHA guidelines 
on perioperative cardiovascular evaluation and care for noncardiac surgery. J Am Coll Cardiol 50:1707—1732.) 


incidence of asymptomatic coronary artery disease 
in the population is approximately 4%, and screen- 
ing tests are unlikely to be helpful in patients with no 
cardiac symptoms. Patients with active cardiac condi- 
tions, in whom specific management of cardiovascular 
disease is indicated independent of the need for non- 
cardiac surgery, should undergo non-invasive cardiac 
testing, with or without coronary angiography and 
further treatment as indicated. 

Between these two extremes lies a group of patients 
at increased risk of perioperative cardiovascular events 
in whom further assessment is indicated because peri- 
operative care is influenced by the results. Moreover, 
accurate determination of risk to the patient may 
help decision-making with regard to the need for 
surgery and/or the type of operation and anaesthetic 
(Fig. 18.1). 

Patients who should be considered for further pre- 
operative testing include: 


m patients with poor or unknown functional 
capacity 

m patients with clinical risk factors undergoing in- 
termediate or high-risk surgery 

m patients with diabetes mellitus 

m patients with poor left ventricular function 


The choice of preoperative test is dictated by local 
and patient factors, but commonly it includes exercise 
stress testing, dobutamine stress echocardiography 
and dipyridamole thallium scanning. Cardiological 
advice should be sought for both the test required and 
interpretation of the results with regard to predicting 
the perioperative risk of a serious cardiovascular event. 


Preoperative Therapy 


There are two main areas to be addressed. Pre-existing 
cardiovascular disease should be treated and manage- 
ment optimized where necessary. In addition, there 
may be interventions which, appropriately initiated in 
patients at risk, may improve outcome. 


Pre-Existing Cardiovascular Disease. Ischaemic heart 
disease. Medical therapy should be reviewed and opti- 
mized if symptoms are poorly controlled. 
Hypertension. Raised arterial pressure is a ma- 
jor cause of morbidity and mortality in the general 
population because of the detrimental effects on the 
myocardial, cerebrovascular and renal circulations. It 
is now recognized that both hypertension and isolated 
systolic hypertension should be treated because effec- 
tive control of arterial pressure reduces the incidence of 


complications from target organ damage. The British 
Hypertension Society guidelines recommend starting 
antihypertensive therapy for sustained pressures above 
140/90 mmHg. However, in the perioperative setting, 
there is little evidence that patients with isolated hy- 
pertension of less than 180/110 mmHg have a signifi- 
cantly increased risk of cardiovascular complications 
and isolated hypertension below this level is classified 
as a low-risk factor. If hypertension is identified pre- 
operatively, evidence of target organ damage should 
be sought. If target organ damage is found, then the 
risks of anaesthesia and surgery are dependent on this. 
Subsequent investigation and management should be 
based on target organ function rather than on the hy- 
pertension per se. Postoperative follow-up and treat- 
ment are indicated. 

For non-urgent surgery, patients with severe hy- 
pertension, i.e. >180/110mmHg, should be treated 
to lower the arterial pressure in a controlled manner 
before embarking on surgery. In the case of urgent 
surgery, more rapid control may be achieved. In light 
of their beneficial effects in high-risk cardiovascular 
patients, B-blockers are probably the agents of choice. 
Care must be taken, however, because rapid decreases 
in arterial pressure may be detrimental. 

Antihypertensive therapy should be continued as 
far as possible throughout the perioperative period. 

Many patients seen at preadmission clinic or 
admitted to hospital have hypertension which sub- 
sequently settles or which is not in keeping with 
the recordings made by their general practitioner. 
There is no evidence that so called ‘white coat hy- 
pertension’ carries an increased perioperative risk. 
Often, these patients benefit from a benzodiazepine 
premedication. 

Heart failure. A history of treated heart failure and 
low left ventricular ejection fraction are intermediate 
clinical risk factors. Treatment should be optimized 
as far as possible pre-operatively and investigation of 
underlying coronary artery disease undertaken as ap- 
propriate, as outlined above. 


Treatment and Additional Interventions. p-Blockers. 
Established B-blocker therapy should be maintained 
throughout the perioperative period either orally or 
intravenously if necessary. Sudden preoperative cessa- 
tion may be associated with rebound effects such as 
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angina, myocardial infarction, arrhythmias and hy- 
pertension. The dose of B-blocker may be reduced if 
there is undue bradycardia preoperatively (<50 beat 
min'). Intraoperative bradycardia usually responds 
to intravenous atropine or glycopyrrolate. Some 
studies have shown that institution of perioperative 
B-blockade reduces short and long term cardiovascu- 
lar morbidity and mortality in patients with definite 
evidence of ischaemic heart disease undergoing high-risk 
surgery. 

These advantages are not seen in patients receiving 
chronic therapy and do not appear to be restricted to 
any particular §-blocker. Beta blockade should there- 
fore be considered for these patients but the optimal 
time to begin therapy and the optimal duration of 
B-blockade are uncertain. In a non-urgent situa- 
tion, it may be preferable to introduce B-blockade 
cautiously over several weeks, particularly if there 
is evidence of left ventricular dysfunction. It should 
be noted that several studies in lower risk patients 
(e.g. those with risk factors for ischaemic heart dis- 
ease but no symptoms) have shown no overall benefit 
from perioperative B-blockade. In the POISE study, 
perioperative B-blockade actually increased the over- 
all mortality and the incidences of stroke, bradycardia 
and hypotension. 

Angiotensin-converting enzyme inhibitors and 
angiotensin II receptor blockers. These agents have 
disease-modifying effects in patients with vascular dis- 
ease, cardiac failure and diabetes, with a reduction in 
cardiac morbidity and mortality. They may predispose 
to renal failure and hyperkalaemia and may be asso- 
ciated with intractable intraoperative hypotension. 
There is currently no consensus as to whether or not 
these agents should be continued intraoperatively. 

Antiplatelet agents. Aspirin and clopidogrel are used 
increasingly in combination to maintain vessel pa- 
tency following percutaneous coronary intervention 
(PCI) and to reduce thrombosis in patients with un- 
stable angina or recent MI. Both agents have irrevers- 
ible effects on platelet action and their effect therefore 
continues for the life of the platelet. Aspirin inhibits 
cyclo-oxygenase-mediated production of thrombox- 
ane. Clopidogrel is a non-competitive antagonist of 
platelet ADP receptors. They have a synergistic effect 
in inhibiting platelet aggregation. Both agents need 
to be stopped for at least 7 days to see these effects 
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reversed by new platelet production. Whether or not 
these agents are continued perioperatively depends 
on the perceived risk of bleeding against the increased 
risk of cardiovascular events. If the drugs are contin- 
ued, both the surgeon and anaesthetist must be aware 
of the increased risk of haemorrhage and take appro- 
priate anticipatory measures. Platelet transfusion is the 
only effective therapy for uncontrolled haemorrhage 
secondary to these agents. 

In general, if a patient is anticoagulated (see below) 
or receiving clopidogrel, neuraxial blockade is contra- 
indicated because of the increased risk of haematoma 
and neurological damage. Aspirin alone is not consid- 
ered a significant risk factor. 

Anticoagulants. Where long-term therapy is indi- 
cated, perioperative control must be monitored closely. 
Warfarin should be stopped at least 48 h preoperatively 
and the prothrombin time monitored daily. The pro- 
thrombin time should be less than 1.5 times control at 
the time of surgery. If prolonged, the use of vitamin K 
may be considered; however, this takes 6—12h to act 
and may compromise subsequent anticoagulation, so 
its use depends on the reasons for anticoagulation. In 
an emergency or where excessive haemorrhage occurs, 
fresh frozen plasma should be given to supply coagula- 
tion factors. For patients at high risk from thrombosis, 
e.g. with a prosthetic heart valve, an intravenous hepa- 
rin infusion should be started when the prothrombin 
time decreases and continued until 2h preoperatively. 
After minor surgery with low risk of haemorrhage, 
warfarin may be restarted postoperatively. After major 
surgery, an infusion of unfractionated heparin should 
be used to maintain anticoagulation until warfarin 
therapy is reinstituted safely. The heparin infusion 
may be titrated to activated partial thromboplastin 
time (aPTT) to maintain good control and if neces- 
sary may be reversed rapidly with intravenous prot- 
amine. Protamine should be given slowly to avoid 
hypotension and if given in excessive dose is itself an 
anticoagulant. 

Statins. Statins reduce morbidity and mortality in 
patients with vascular disease even in the presence of 
a normal cholesterol concentration. This is thought 
to result from stabilization of atheromatous plaques. 
There is also increasing evidence in patients under- 
going high-risk vascular surgery that initiating statin 
therapy may reduce cardiovascular complications. The 
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introduction of a statin preoperatively should there- 
fore be considered in this group. Again, the optimal 
timing of this intervention is unknown but it has been 
suggested that therapy should be started 1 month be- 
fore surgery. 
a,-Agonists. Drugs such as clonidine reduce sympa- 
thetic activity, reduce arterial pressure and heart rate 
and have analgesic properties. There is some evidence 
to suggest they may be of benefit in patients at high 
risk of perioperative cardiovascular events, but this is 
insufficient to recommend their routine use. 
Continued administration mandates a greater degree 
of cardiovascular monitoring, particularly with regard to 
maintenance of intravascular volume. Vasoactive agents 
may be required to maintain an adequate arterial pressure. 
Preoptimization. Measures to improve cardiac 
output and oxygen delivery have been shown to im- 
prove outcome in some high-risk patients with limited 
physiological reserve undergoing major surgery. These 
measures include monitored fluid therapy, vasoactive 
support, blood transfusion and mechanical ventila- 
tion, and are aimed at improving tissue oxygen deliv- 
ery and hence oxygen delivery/consumption balance. 
The level of monitoring required, patient selection 
and the risk/benefit balance of increasing myocardial 
oxygen demand in the face of ischaemic heart disease, 
versus improving cardiac output and hence oxygen 
delivery, need to be considered on an individual basis. 
This management strategy may be undertaken in 
a critical care area or in the anaesthetic room and re- 
quires close cooperation between relevant medical staff. 
It is not known yet if combining preoptimization with 
preoperative therapy with agents such as B-blockers is 
helpful. However, the two approaches are not necessarily 
mutually exclusive. 


Premedication. Anxiety is a cause of sympathetic 
nervous system activation which may be detrimen- 
tal in patients with cardiovascular disease. While not 
all patients require anxiolytic premedication, there 
should be a low threshold for use in these patients. 
A benzodiazepine such as temazepam is usually sat- 
isfactory. In patients with low or fixed cardiac out- 
put states, e.g. mitral or aortic stenosis, constrictive 
pericarditis or congestive cardiac failure, and other 
high-risk patients, it is important to avoid hypoten- 
sion or excessive sedation, respiratory depression and 


hypoxaemia which could result from premedication, 
and in these situations it may be preferable to omit 
sedative premedication. 

The patient’s usual cardiac medications and any ad- 
ditional therapy started preoperatively should be con- 
tinued and included in the premedication. 

High-risk patients benefit from oxygen therapy 
before transfer to the anaesthetic room, especially if 
sedative premedication has been given. 


Anaesthesia: General Principles 


m Anaesthesia should comprise a balanced tech- 
nique aimed at maintaining cardiovascular 
stability. A variety of options may be suitable, in- 
cluding both general and regional anaesthesia or 
a combination. 

m Tachycardia should be avoided and an adequate 
arterial pressure maintained (there should not 
be a sustained reduction in arterial pressure of 
more than 20% of the patient’s normal pressure). 
Coronary perfusion and myocardial oxygen de- 
livery are thus maintained without increasing 
myocardial work and oxygen requirements. 

= For patients identified as high risk, consideration 
should be given to stress reduction. Measures to 
achieve this are dictated by the patient and op- 
erative factors. These include the following: 

m Use of neuraxial blockade. This has been asso- 
ciated with reduced perioperative myocardial 
ischaemia and infarction. However, this must 
be balanced against the sympathetic block 
and associated hypotension. This may be pro- 
nounced, particularly with a high spinal block. 
Early judicious use of vasopressors coupled 
with maintenance of intravascular volume 
should limit this problem. However, neuraxial 
blockade, particularly spinal block, is relatively 
contraindicated if there is severely limited 
cardiovascular reserve and if maintenance of 
adequate arterial pressure is critical, e.g. severe 
aortic stenosis (see below). 

m Perioperative B-blockade. 

= High-dose opioids, e.g. fentanyl or remifentanil. 

m The level of intraoperative monitoring should 
be dictated by risk assessment. The following 
should be considered in addition to standard 
monitoring. 
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= Five-lead ECG. The usual ECG configuration 
for anaesthetic monitoring is standard limb 
lead II. Whilst this is useful for identifying 
arrhythmias, myocardial ischaemia occurs 
most commonly in the left ventricle and is 
detected more sensitively with a CM5 configu- 
ration (see Fig. 16.2). 

= Direct arterial pressure recording. 

= CVP monitoring with or without central 
venous oxygen saturations. 

= Oesophageal Doppler, providing a measurement 
of cardiac output and intravascular filling. 

= Other minimally invasive cardiac output 
monitors are now available and may prove 
useful as intraoperative monitors. Examples 
include devices which derive cardiac output 
and other variables from the arterial pressure 
waveform using internal algorithms. Some 
devices (FloTrac/Vigileo or LiDCO) use a stan- 
dard arterial catheter whereas others (PiCCO) 
require a dedicated thermistor tipped catheter 
in a proximal (femoral or axillary artery). 

= Pulmonary artery flotation catheter with 
continuous cardiac output and mixed venous 
oxygen saturation monitoring. 

Patients should be well oxygenated and 

normocapnic. 

Close attention to fluid balance is mandatory. 

This begins preoperatively when fluid depletion 

secondary to factors such as excessive fasting 

times and bowel preparation should be cor- 

rected. As far as possible, normovolaemia should 

be maintained. Intravascular volume depletion 

is known to compromise organ perfusion and 

oxygen delivery but there is increasing evidence 

that postoperative recovery is also compromised 

by excessive volume and sodium loading in the 

immediate perioperative period. 

Patients at high risk from cardiovascular disease 

do not tolerate anaemia. The optimal level of 

haemoglobin is the subject of much discussion 

but is probably around 10g L~. 

Patients should be actively warmed to avoid hy- 

pothermia, which activates the stress response, 

predisposes to arrhythmias and increases oxy- 

gen consumption postoperatively as a result of 

shivering. 
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m Effective perioperative analgesia is essential. Pain 
is a potent stimulator of the stress response and 
uncontrolled sympathetic activation increases 
myocardial work and oxygen demand, predis- 
posing to myocardial ischaemia or infarction. 

m Before embarking on anaesthesia and surgery, 
consideration needs to be given to the patient’s 
management and destination postoperatively, 
e.g. would benefit be derived from a period of 
artificial ventilation or continued close monitor- 
ing in a high dependency or intensive care area 
postoperatively? 

m Good communication between all of the relevant 
carers, including cardiology, critical care and the 
surgical team, is important. 


Anaesthetic Agents. Most intravenous anaesthetic in- 
duction agents are cardiovascular depressants, causing 
both vasodilatation and myocardial depression. This is 
exaggerated in patients with low fixed cardiac output 
states and by concurrent hypovolaemia. Of the agents 
in regular use, etomidate is the least cardiac depres- 
sant. Care with dosing and rate of administration lim- 
its the hypotension caused by drugs such as propofol 
or thiopental. Co-induction with more than one agent 
may be beneficial in reducing the dose requirements 
of each and limiting hypotension. Concurrent admin- 
istration of midazolam and a short-acting opioid (al- 
fentanil or fentanyl) is often used. Remifentanil may 
be useful in these patients, in a low-dose infusion of 
0.1-0.2 pg kg min™'. It limits the dose of induction 
agent required and blunts the cardiovascular response 
to laryngoscopy and tracheal intubation. However, 
used in high doses, it may induce respiratory muscle 
stiffness and make bag and mask ventilation difficult 
before the onset of neuromuscular blockade. 

For patients naive to B-blockers, esmolol (a short- 
acting i.v. B-blocker) may be used to obtund the car- 
diovascular response to airway manoeuvres. 

Of the neuromuscular blocking agents, rocuronium 
and vecuronium are the most cardiostable. 

Brief periods of cardiac ischaemia provide protec- 
tion against the damaging effects of subsequent more 
prolonged episodes; this is known as ischaemic pre- 
conditioning. Much is now known about the physiol- 
ogy of this in experimental situations, including the 
fact that volatile anaesthetic agents and opioids help to 
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induce ischaemic preconditioning, while other agents, 
e.g. the sulphonylureas, inhibit it. 

There is clinical evidence of its relevance, e.g. pa- 
tients with pre-infarct angina generally have a bet- 
ter prognosis than those who are asymptomatic, and 
this may be a result of preconditioning. The clinical 
application of these findings is as yet unknown, but 
may favour the use of volatile agents in this high- 
risk group. 


Arrhythmias 


Preoperative arrhythmias should be treated before 
surgery. The patient should be screened for predispos- 
ing factors such as ischaemic or valvular heart disease 
and electrolyte and endocrine abnormalities. In atrial 
fibrillation, the ventricular rate should be controlled 
preoperatively if possible. 

Antiarrhythmic therapy should continue through- 
out the perioperative period. 

The indications for antiarrhythmic therapy and 
pacing are identical to those applicable in the absence 
of surgery and anaesthesia. 

Indications for preoperative temporary pacing 
include: 


m bradyarrhythmia unresponsive to atropine if as- 
sociated with syncope, hypotension or ventricu- 
lar arrhythmias 

risk of asystole 

complete heart block 

second-degree heart block (Mobitz 2) 
first-degree heart block associated with bifascic- 
ular block 

m sick sinus syndrome. 


Intraoperative Arrhythmias. Arrhythmias are com- 
mon in the perioperative period and are often self- 
limiting and require no specific treatment. However, 
precipitants of these arrhythmias should be sought 
and corrected if possible as they are more likely to oc- 
cur and cause cardiovascular compromise in patients 
with underlying heart disease. 

Factors predisposing to intraoperative arrhythmias 
include the following. 

Patient factors: 


= hypoxaemia 
m hypo- and hypercapnia 


acidosis 

hypo- and hyperthermia 

m electrolyte abnormalities, particularly of potas- 
sium and magnesium 

= hypovolaemia. 


Autonomic effects: 


m surgical stimulation and pain 

m vagal stimulation, e.g. anal or cervical dilatation, 
traction on mesentery, traction on extraocular 
muscles 

= laryngoscopy and tracheal intubation 

= laparascope insertion or intra-abdominal insuf- 
flation of gas with peritoneal stretching during 
laparascopic procedures. 


Direct stimulation: 


= CVP catheter and guide wire insertion 
= PA catheter insertion. 


Drugs: 


= adrenaline 
= local anaesthetic toxicity (bupivacaine) 
m halothane. 


Management. This depends on the nature of the ar- 
rhythmia, likely causes and the degree of haemody- 
namic compromise. 


= The precipitant should be removed if possible. 
Reflex arrhythmias tend to occur more com- 
monly during light anaesthesia and may often be 
prevented by deepening anaesthesia. 

m Physiological abnormalities should be corrected, 
as specific antiarrhythmic therapy may be inef- 
fective in the presence of uncorrected hypoxae- 
mia, hypovolaemia or electrolyte abnormalities. 
Treatment of these should be concurrent with 
specific management of the arrhythmia. 


Intraoperative Bradyarrhythmias. Bradyarrhythmias 
may often be prevented and may be treated us- 
ing an intravenous anticholinergic, e.g. atropine or 
glycopyrrolate. 

External pacing defibrillators are now widely avail- 
able and can be used for temporary cardiac pacing for 
patients unresponsive to anticholinergics pending in- 
sertion of a transvenous pacemaker. 
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Intraoperative Tachyarrhythmias. These are either 
supraventricular or ventricular in origin. Generally, 
but not exclusively, supraventricular arrhythmias are 
narrow-complex, in distinction to broad-complex 
ventricular arrhythmias. 

Supraventricular tachycardia. If there is haemo- 
dynamic compromise, the treatment of choice is 
synchronized DC cardioversion, particularly as the 
patient is already anaesthetized. This applies to all 
supraventricular tachyarrhythmias. If cardioversion 
fails, amiodarone 300 mg be given i.v. over 10—20 min 
and electrical cardioversion re-attempted. 

If the patient is not severely compromised, manage- 
ment depends on the individual arrhythmia: 


m Atrial fibrillation. This is the commonest su- 
praventricular arrhythmia seen intraopera- 
tively. Often, a return to sinus rhythm cannot 
be achieved until the underlying precipitants are 
resolved. Improvements in oxygenation, volume 
status and analgesia may all improve the situa- 
tion. However, ventricular rate control may also 
require treatment with either amiodarone or 
digoxin. Beta blockers or verapamil may also 
be used to slow ventricular rate. When surgery 
is complete, anticoagulation should be consid- 
ered to avoid the embolic complications of atrial 
fibrillation. 

m Atrial flutter. This should be managed in the 
same way as atrial fibrillation if it occurs 
intraoperatively. 

m AV node/AV re-entry tachycardia and atrial 
tachycardia. Vagal manoeuvres, e.g. carotid si- 
nus massage, may be tried, as can intravenous 
adenosine. Adenosine transiently slows AV 
conduction and may convert supraventricular 
tachycardia (SVT) to sinus rhythm. Alternatively, 
it may aid diagnosis by revealing flutter or 
fibrillation waves. A rapid i.v. bolus of 6mg is 
given, followed by 12mg a maximum of three 
times at 2-min intervals. Adenosine is contra- 
indicated in patients with asthma, second- or 
third-degree heart block, patients receiving car- 
bamazepine or dipyridamole and patients with 
a denervated heart, e.g. after cardiac transplant. 
Care must be taken with its use if the patient has 
Wolff-Parkinson-White syndrome. Verapamil, 
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B-blockers and amiodarone may control the ven- 
tricular rate. Intravenous verapamil should never 
be given to a B-blocked patient. 

Ventricular tachycardia. Synchronized DC cardio- 
version is the treatment of choice. Alternatively, 
amiodarone (300mg i.v. over 20-60 min, fol- 
lowed by an infusion of 900mg over 24h) may 
be given if the arrhythmia is well tolerated. 
Lidocaine 1 mg kg™' may be used as an alterna- 
tive if amiodarone is not available, but should 
not be given if amiodarone has been given 
already. 


Permanent Pacemakers. Many patients with these de- 
vices have underlying heart disease which should be 
managed accordingly. 

Permanent pacemakers are inserted in an in- 
creasing number of patients and are becoming in- 
creasingly complex. Pacemakers are classified by a 
series of 5 letters relating to the functions they pos- 
sess (Table 18.4). 


Specific Issues in Anaesthetic Management 
m Preoperative assessment: the pacemaker clinic 


should be contacted to find out the indication 
for pacemaker insertion, its history and mode of 
action noted, and any evidence of malfunction 
sought. The underlying rhythm and rate should 
be determined and the consequences in case of 
pacemaker malfunction failure known to deter- 
mine the need for backup support. 

The main intraoperative hazards are electromag- 
netic interference, which may reprogramme the 


pacemaker, cause inappropriate inhibition or 
trigger a defibrillator discharge, or damage the 
pacemaker circuitry. 

Routine investigations should include ECG, chest 
X-ray and electrolytes. 

The pacemaker should have been checked within 
3 months of elective surgery. The battery life 
should be known; consider replacing any device 
near its elective replacement time. 

Due to the complexity of programming avail- 
able, it is no longer acceptable practice to use a 
magnet to return the pacemaker to a fixed rate 
mode. Magnets should not be used, as they have 
an unpredictable effect on programming. 

Some pacemakers have a rate modulation facil- 
ity. This implies that they can vary the rate of 
pacing with the patient’s activity detected usu- 
ally by muscle activity or respiratory activity so 
that heart rate may be increased with exercise. 
In general, rate modulation features should be 
inactivated before anaesthesia and surgery as 
shivering and muscle fasciculation may be mis- 
interpreted and lead to inappropriate increases 
in heart rate. 

Central venous or pulmonary artery catheters 
may dislodge pacing leads, particularly if the 
pacemaker has only recently been inserted. 
Consideration should be given to use of the fem- 
oral vein for central venous access and to alterna- 
tive monitors of cardiac output. 


m Alternative pacing should be available in the 


event of pacemaker failure; external pacing is a 
rapid and effective back-up. 


TABLE 18.4 


Pacemaker Classification 


Letter Position Function Chamber/Function 

1st Chamber paced Atrium/ventricle/both 

2nd Chamber sensed Atrium/ventricle/both 

3rd Response to sensing None/triggered/inhibited/both 

4th Programmable? Simple/multiple/communicating 
Rate modulation? Yes/no 

Sth Anti-tachyarrhythmia functions None/pacing/shock/both 


For example: a VVI pacemaker both paces and senses with a ventricular wire and is inhibited by the patient’s own heart beat. 


m Pacemakers should be routinely checked postop- 
eratively either before discharge or via an early ap- 
pointment at the pacemaker clinic. Electromagnetic 
interference may unpredictably reprogramme the 
pacemaker or cause damage to it. 

m Diathermy: bipolar diathermy should be used if 
possible. If unipolar diathermy is used, the dia- 
thermy and ground plate should be as far from 
the pacemaker as possible and the current path- 
way should be placed at right angles to the pacing 
wire(s). 

= Lithotripsy: the lithotriptor should be at least 
12cm away from the pacemaker and rate modu- 
lation should be deactivated. 

m Peripheral nerve stimulators and transcutaneous 
electrical nerve stimulators (TENS) should be 
kept at least 12 cm from the pacemaker. 

m Defibrillator paddles should be 12 cm away from 
the pacemaker. 

= MRI is contraindicated. 


Implantable Cardioverter Defibrillators (ICDs). 
Increasingly, these devices are used for the management 
of patients with recurrent life-threatening episodes of 
VF and VT. ICDs may also have a pacemaker function. 
As with permanent pacemakers, they may be subject to 
electromagnetic interference and the same precautions 
apply. 

The antitachycardia and defibrillator actions 
should be switched off before surgery involving dia- 
thermy. Diathermy could be interpreted as VF and a 
shock delivered unnecessarily. An external defibril- 
lator must be available and the patient should be in a 
high-dependency area postoperatively until the ICD is 
checked and reactivated. 


Valvular Heart Disease 


In both aortic and mitral stenosis, there is a low 
fixed cardiac output which leaves no reserve to 
compensate for changes in heart rate or vascular 
resistance. Regurgitant lesions are usually better 
tolerated. 

As with ischaemic heart disease, specific interven- 
tion such as valve replacement or valvuloplasty is in- 
dicated before non-cardiac surgery only if the valvular 
lesion merits intervention anyway. Clearly, in an emer- 
gency situation, this is not an option. 
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General Principles 


m The patient’s functional reserve is a good indica- 
tor of the severity of a valve lesion 

m Routine antibiotic prophylaxis is no longer rec- 
ommended for all patients with valvular heart 
disease 

m Patients with valvular heart disease may be re- 
ceiving anticoagulants; perioperative hepariniza- 
tion is necessary 

= No specific anaesthetic technique is preferred 
for valvular heart disease. The aim is to main- 
tain cardiovascular stability. In severe disease, 
this is often best achieved using a general an- 
aesthetic technique with opioids and controlled 
ventilation 

m Invasive monitoring is often required in these 
patients. 


Aortic Stenosis 


Isolated aortic stenosis is associated most commonly 
with calcification, often on a congenitally bicuspid 
valve. In rheumatic heart disease, aortic stenosis occurs 
rarely in the absence of mitral disease and is combined 
usually with regurgitation. The diagnosis is suggested 
by the findings of an ejection systolic murmur, low 
pulse pressure and clinical and ECG evidence of left 
ventricular hypertrophy. It is important to distinguish 
between aortic stenosis and the murmur of aortic 
sclerosis found in some elderly patients. Clinical signs 
provide a guide; a slow-rising, low-volume pulse with 
reduced pulse pressure, reduced intensity of the second 
heart sound and the presence of a click are suggestive 
of stenosis, as is evidence of left ventricular hypertro- 
phy on ECG. However, echocardiography with Doppler 
flow monitoring is essential for confirmation and as- 
sessment of severity. The heart size on chest X-ray is 
normal until late in the disease, while symptoms of an- 
gina, effort syncope and left ventricular failure indicate 
advanced disease. 

Perioperative mortality is increased in patients with 
aortic stenosis. 

Left ventricular systolic function is usually good 
but the hypertrophied ventricle has reduced compli- 
ance. Tachycardia and arrhythmias which compromise 
ventricular filling are poorly tolerated and should be 
avoided. Normally, 30% of ventricular filling results 
from atrial systole; therefore, maintenance of sinus 
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rhythm is important. Tachycardia also reduces the 
duration of coronary perfusion, compromising blood 
supply to the hypertrophied ventricle, particularly 
if there is concomitant coronary artery disease. The 
resulting myocardial ischaemia causes further cardio- 
vascular deterioration, which may be catastrophic. 
Excessive bradycardia also compromises cardiac out- 
put. Adequate venous return must be maintained to 
ensure ventricular filling and hypotension, which 
compromises coronary flow, must be avoided. 


Mitral Stenosis 


This is usually a manifestation of rheumatic heart dis- 
ease. Characteristic features include atrial fibrillation, 
arterial embolism, pulmonary oedema, pulmonary 
hypertension and right heart failure. Acute pulmo- 
nary oedema may be precipitated by the onset of atrial 
fibrillation. 

Patients with mitral stenosis who present for 
surgery are frequently receiving digoxin, diuretics 
and anticoagulants. Preoperative control of atrial 
fibrillation, treatment of pulmonary oedema and 
management of anticoagulant therapy (see Ch 13) are 
necessary. During anaesthesia, control of heart rate 
is important. Tachycardia reduces diastolic ventricu- 
lar filling and thus cardiac output, while bradycar- 
dia also results in decreased cardiac output because 
stroke output is limited. As with aortic stenosis, drugs 
which produce vasodilatation may cause severe hy- 
potension. As a result of pre-existing pulmonary 
hypertension, patients are particularly vulnerable to 
hypoxaemia. Both hypoxaemia and acidosis are po- 
tent pulmonary vasoconstrictors and may produce 
acute right ventricular failure. Thus, opioid analge- 
sics should be prescribed cautiously, and airway ob- 
struction avoided. 


Aortic Regurgitation 


Acute aortic regurgitation, e.g. resulting from infective 
endocarditis, causes rapid left ventricular failure and 
may require emergency valve replacement, even in the 
presence of unresolved infection. 

Chronic aortic regurgitation is asymptomatic for 
many years. Left ventricular dilatation occurs, with 
eventual left ventricular failure. 

Patients with mild or moderate aortic regur- 
gitation without left ventricular failure or major 
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ventricular dilatation tolerate anaesthesia well. A 
slightly increased heart rate of approximately 100 beat 
min’ is desirable because this reduces left ventricular 
dilatation. Bradycardia causes ventricular distension 
and should be avoided. Vasodilator therapy increases 
net forward flow by decreasing afterload and is useful 
in severe aortic regurgitation; isoflurane anaesthesia 
may be beneficial. Vasopressors should be avoided. 
Careful monitoring is required, and in severe cases 
a pulmonary artery catheter may be useful to aid 
management. 


Mitral Regurgitation 


Acute mitral regurgitation usually results from in- 
fective endocarditis, or myocardial infarction with 
papillary muscle dysfunction or ruptured chordae ten- 
dineae. Acute pulmonary oedema results, and urgent 
valve replacement is required. Left ventricular failure 
with ventricular dilatation may cause functional mi- 
tral regurgitation. 

Chronic mitral regurgitation is commonly asso- 
ciated with mitral stenosis. In pure mitral regurgi- 
tation, left atrial dilatation occurs with a minimal 
increase in pressure. The degree of regurgitation 
may be limited by reducing the size of the left ven- 
tricle and the impedance to left ventricular ejection. 
Thus, inotropic agents and vasodilators may be use- 
ful, while vasopressors should be avoided. A slight 
increase in heart rate is desirable unless there is con- 
comitant stenosis. 


Infective Endocarditis 


This is caused predominantly by the viridans group 
of streptococci, occasionally by Gram-negative or- 
ganisms or enterococci and also by staphylococci, es- 
pecially after cardiac surgery or in intravenous drug 
abusers. Coxiella burnetii also accounts for some cases. 
Patients with rheumatic or congenital heart disease, 
including asymptomatic lesions, e.g. bicuspid aortic 
valve, are at risk. 


Hypertrophic Cardiomyopathy 


Hypertrophic cardiomyopathy (HOCM) is a genetic 
cardiac disorder affecting 1 in 500 adults. There is a 
variable degree of ventricular muscle hypertrophy 
affecting mainly the interventricular septum. Patients 
may remain asymptomatic, or they may suffer 


dyspnoea, angina and syncope as a result of muscle 
hypertrophy and subsequent left ventricular outflow 
obstruction. HOCM is also a cause of sudden cardiac 
death caused by arrhythmias. 
Diagnosis is confirmed by echocardiography. 
Anaesthetic issues include: 


= Acute changes in volume status cause severe hae- 
modynamic consequences and hypovolaemia 
should be avoided 

= Outflow obstruction is exacerbated by cat- 
echolamines so that inotropic agents should be 
avoided 

m Patients are usually receiving a B-blocker which 
should be continued perioperatively 

m Patients with previous malignant ventricular ar- 
rhythmias are likely to have an ICD in situ. 


RESPIRATORY DISEASE 


Successful anaesthetic management of the patient with 
respiratory disease is dependent on accurate assess- 
ment of the nature and extent of functional impair- 
ment and an appreciation of the effects of surgery and 
anaesthesia on pulmonary function. 


Assessment 
History 


Of the six cardinal symptoms of respiratory disease 
(cough, sputum, haemoptysis, dyspnoea, wheeze and 
chest pain), dyspnoea provides the best indication of 
functional impairment. Specific questioning is re- 
quired to elicit the extent to which activity is limited 
by dyspnoea. Dyspnoea at rest or on minor exertion 
clearly indicates severe disease. A cough produc- 
tive of purulent sputum indicates active infection. 
Chronic copious sputum production may indicate 
bronchiectasis. A history of heavy smoking or oc- 
cupational exposure to dust may suggest pulmonary 
pathology. 

A detailed drug history is important. Long-term 
steroid therapy within 3 months of the date of surgery 
necessitates augmented cover for the perioperative 
period and may cause hypokalaemia and hyperglycae- 
mia. Bronchodilators should be continued during the 
perioperative period. Patients with cor pulmonale may 
be receiving digoxin and diuretics. 
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Examination 


A full physical examination is required, with empha- 
sis on detecting signs of airway obstruction, increased 
work of breathing, active infection which may be 
treated preoperatively, and evidence of right heart 
failure. The presence of obesity, cyanosis or dyspnoea 
should be noted. In addition, a simple forced expira- 
tory manoeuvre may reveal prolonged expiration, and 
a simple test of exercise tolerance may be useful, e.g. a 
supervised walk up stairs. 

Measurement of oxygen saturation provides a quick 
and useful indication of oxygenation; an SpO, >95% 
on air excludes significant hypoxaemia and, by infer- 
ence, hypercapnia. 


Investigations 


Chest X-ray. The preoperative chest X-ray is a poor in- 
dicator of functional impairment but may be indicated 
in certain situations: 


= when history and/or examination suggest acute 
disease, e.g. infection, effusion, neoplasm 

m in patients with chronic lung disease 

m in patients from countries where tuberculosis is 
endemic. 


ECG. This may indicate right atrial enlargement or 
right ventricular hypertrophy (P pulmonale in H; 
dominant R wave in III, V,_,). Associated ischaemic 
heart disease is common, and ECG abnormalities may 
confirm this (Fig. 18.1). 


Haematology. Polycythaemia occurs secondary to 
chronic hypoxaemia, while anaemia aggravates tissue 
hypoxia. Leucocytosis may indicate active infection. 


Sputum Culture. Sputum culture is essential in pa- 
tients with chronic lung disease or suspected acute 
infection. 


Pulmonary Function Tests. Peak expiratory flow rate, 
forced expiratory volume in 1s (FEV, ) and forced vital 
capacity (FVC) can be measured easily at the bedside. 
The FEV,:FVC ratio is decreased in obstructive lung 
disease and normal in restrictive disease. In the pres- 
ence of obstructive disease, the test should be repeated 
5-10 min after administration of a bronchodilator 


392 18 


aerosol to provide an indication of reversibility. An 
FVC <1-1.5L is indicative of limited ability to take 
large sigh breaths, expand lung bases and clear secre- 
tions by coughing. 

Fuller investigation involves measurement of func- 
tional residual capacity (FRC), residual volume and 
total lung capacity, but these are rarely of value in de- 
termining clinical management. 


Blood Gas Measurement. Arterial blood gas mea- 
surement is indicated in patients with chronic re- 
spiratory disease scheduled to undergo significant 
surgery and also if there is suspected acute hypox- 
aemia. It is also advisable when pulmonary function 
tests are markedly abnormal, e.g. in obstructive dis- 
ease where the FEV, is less than 1.5 L. A raised PaCO, 
with normal pH indicates chronic hypercapnia with 
renal compensation; a combined raised PaCO, and 
acidosis indicates an acute event. Hypercapnia, par- 
ticularly if acute, associated with acidosis, is likely to 
be associated with postoperative pulmonary com- 
plications. With a PaCO, of 6.7kPa (50 mmHg) or 
greater, elective controlled ventilation may be re- 
quired after major surgery. The combination of a low 
preoperative arterial oxygen tension (PaO,) and dys- 
pnoea at rest is also associated with a high likelihood 
of the need for planned ventilation after abdominal 
surgery. 


Effects of Anaesthesia and Surgery 


The effects of anaesthesia alone on respiratory func- 
tion are generally minor and short-lived, but may tip 
the balance towards respiratory failure in patients with 
severe disease. These effects include: 


m mucosal irritation by anaesthetic agents 

m ciliary paralysis 

m introduction of infection by aspiration or tra- 
cheal intubation 

m respiratory depression by muscle relaxants, opi- 
oid analgesics or volatile anaesthetic agents. 


In addition, anaesthesia is associated with a de- 
crease in FRC, especially in the elderly and in obese 
patients, which leads to closure of basal airways and 
shunting of blood through underventilated areas 
of lung, an effect which is magnified by inhibition 
of the hypoxic pulmonary vasoconstrictor reflex. 
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Following recovery from anaesthesia, residual con- 
centrations of anaesthetic agents and the presence 
of opioids inhibit the hyperventilatory responses to 
both hypercapnia and hypoxaemia, so that without 
close monitoring with pulse oximetry and appropri- 
ate blood gas analysis, serious hypoxaemia and hy- 
percapnia may occur. Following thoracic and upper 
abdominal surgery, the decrease in FRC is more pro- 
found and persists for 5—10 days after surgery, with a 
parallel increase in alveolar—arterial oxygen tension 
difference (P, 0,). Complications including atelec- 
tasis and pneumonia occur in approximately 20% of 
these patients. 


Regional Anaesthesia. The use of appropriate regional 
anaesthetic techniques, where possible, confers several 
advantages in patients with respiratory disease both 
intra- and post-operatively, including: 


m possible avoidance of tracheal intubation and 
controlled ventilation 

m reduced or absent requirement for respiratory 
depressant agents such as volatile agents and 
opioids 

m epidural analgesia may reduce postoperative 
hypoxaemia by diminishing the decrease in 
FRC associated with anaesthesia and abdominal 
surgery 

m effective analgesia, allowing the patient to un- 
dergo chest physiotherapy, to mobilize early and 
to avoid prolonged bed rest. 


The effects of surgery are dependent on its type and 
magnitude. Clearly, patients with pre-existing respira- 
tory disease are at much greater risk following upper 
abdominal and thoracic surgery than after limb, head 
and neck or lower abdominal surgery. 


Laparoscopic Surgery. The use of laparoscopic tech- 
niques for cholecystectomy, fundoplication and other 
abdominal procedures has markedly reduced postoper- 
ative pulmonary morbidity with the result that patients 
with severe pulmonary disease can usually undergo 
these procedures without the need for postoperative 
ventilatory support. The reasons for reduced morbidity 
include the relative lack of postoperative pain and the 
preservation of lung volumes postoperatively. These 
techniques should be encouraged in patients with 


chronic pulmonary disease. Nevertheless, cardiopul- 
monary function may be considerably compromised 
intraoperatively by raised intra-abdominal pressure, 
and judicious use of invasive haemodynamic monitor- 
ing has been recommended in patients with severe car- 
diorespiratory disease. 


Obstructive Pulmonary Disease 


This includes both chronic obstructive pulmonary dis- 
ease and bronchial asthma. Patients with bronchiecta- 
sis and cystic fibrosis may also demonstrate marked 
airways obstruction, and justify a similar approach to 
management. 


Chronic Obstructive Pulmonary Disease 


Chronic obstructive pulmonary disease (COPD) is 
characterized by the presence of productive cough 
for at least 3 months in 2 successive years. Airways 
obstruction is caused by bronchoconstriction which 
has minimal or no reversibility, bronchial oedema and 
hypersecretion of mucus. In the postoperative period, 
pulmonary atelectasis and pneumonia result if sputum 
is not cleared. Severe disease may be accompanied by 
the signs and symptoms of right heart failure. 


ASTHMA 


Asthma may affect all age groups; it is characterized 
by recurrent generalized reversible airways obstruc- 
tion, caused by bronchial smooth muscle spasm, 
mucus plugs and bronchial oedema. Asthma may be 
classified into two types: extrinsic, where an exter- 
nal allergen is demonstrable, and intrinsic. Intrinsic 
asthma tends to occur in adults, is more chronic and 
continuous and often requires long-term steroid 
therapy. There is an overlap between intrinsic asthma 
and COPD. 


Preoperative Management 


The current state of the patient’s disease is assessed by: 


= History — frequency and severity of attacks, fac- 
tors provoking attacks, recent episodes of infec- 
tion, drug history. 

= Examination — presence or absence of wheeze, pro- 
longed expiratory phase, overdistension, evidence 
of infection (cough, sputum, temperature, WBC). 
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= Pulmonary function tests — peak expiratory flow 
rate or FEV,/FVC before and after inhalation of 
bronchodilator. 

m Blood gas analysis including changes in PaCO, to 
varying inspired oxygen concentrations. 


Treatment of Airways Obstruction 


Elective surgery should not be undertaken unless or 
until airways obstruction is well controlled. Existing 
bronchodilator therapy should be continued perioper- 
atively. Asthmatic patients are more likely to respond 
to inhaled B,-adrenoceptor agonists, e.g. salbutamol, 
either by metered dose inhaler or nebulizer. Chronic 
asthmatics and patients with COPD may benefit from 
an inhaled anticholinergic agent (ipratropium bro- 
mide). The role of the phosphodiesterase inhibitor 
aminophylline is still controversial; it remains useful 
in the treatment of acute bronchospasm. If patients 
are receiving long-term theophyllines, the plasma con- 
centration should be checked. Magnesium i.v. may be 
beneficial in acute asthma. 

Corticosteroids are also important in the prevention 
and treatment of bronchospasm in asthmatics as they 
modify the underlying inflammatory process. Patients 
prescribed long-term inhaled or systemic steroid 
therapy who are suboptimally controlled may require 
a course of augmented steroid therapy, e.g. predniso- 
lone 40-60 mg daily or hydrocortisone 100mg four 
times daily, to cover the anaesthetic and postoperative 
periods. Equivalent doses of steroid preparations are 
shown in Table 18.5. The steroid dose should be gradu- 
ally reduced postoperatively, titrated against the sever- 
ity of the asthma. 


TABLE 18.5 


Equivalent doses of Glucocorticoids 


Glucocorticoid Dose (mg) 
Betamethasone 3 
Cortisone acetate 100 
Dexamethasone 3 
Hydrocortisone 80 
Methylprednisolone 16 
Prednisolone 20 
Triamcinolone 16 
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Treatment of Active Infection 


Amoxicillin or co-amoxiclav are appropriate, the com- 
mon infecting organisms being Streptococcus pneu- 
moniae and Haemophilus influenzae. Clarithromycin 
may be used if the patient is allergic to penicillin. 
Sputum for culture and sensitivities should be ob- 
tained to allow an appropriate choice of antibiotic. 
Chest physiotherapy and humidification of inspired 
gases aid expectoration. 


Treatment of Cardiac Failure 


Biventricular failure resulting from concurrent isch- 
aemic heart disease and cor pulmonale frequently 
complicates COPD. Diuretics are indicated, while ni- 
trates or digoxin may have a role. 


Weight Reduction 


This should be encouraged before elective surgery in 
obese patients with respiratory disease. 


Smoking 


Patients should be strongly encouraged to stop smok- 
ing for at least 6 weeks before elective surgery. 


Premedication 


A benzodiazepine to allay anxiety is appropriate for 
asthmatic patients, plus a dose of bronchodilator 
30 min before induction of anaesthesia. 


Anaesthesia 


The anaesthetic technique in obstructive airways dis- 
ease should be guided by the nature of the surgery, and 
also the severity of the disease. 


An Approach with Minimal Intervention. Spon- 
taneous ventilation with the option of local or regional 
anaesthesia is indicated for minor body surface op- 
erations. The use of a laryngeal mask airway (LMA) 
avoids tracheal intubation with its attendant risk of 
provoking bronchoconstriction, and if undue respi- 
ratory depression occurs, manifested by an increased 
PaCO,, ventilation may be readily assisted via the 
LMA. Volatile anaesthetic agents, being bronchodi- 
lators, are well tolerated in asthmatics. Plexus blocks 
and low subarachnoid or epidural anaesthesia en- 
able limb, lower abdominal or pelvic surgery in pa- 
tients with severe respiratory impairment. Sedation 
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should be administered carefully to avoid respiratory 
compromise. 


Elective Mechanical Ventilation. A decision may be 
made to undertake intermittent positive-pressure 
ventilation (IPPV) during anaesthesia and for a vari- 
able period after operation, at least until elimination 
of neuromuscular blockers and anaesthetic agents has 
occurred. This also permits optimal provision of an- 
algesia without fear of opioid-induced depression of 
ventilation. This technique is usually preferred if the 
preoperative PaCO, is greater than 6.7 kPa (50 mmHg) 
or if major thoracic or abdominal surgery is planned. 
Care should be taken with ventilator settings. A suf- 
ficiently long expiratory phase should be allowed to 
enable lung deflation and prevent gas trapping, while 
the inspiratory time should be adequate to avoid un- 
duly high inflation pressures, with the attendant risk 
of pneumothorax. 


Regional Anaesthesia. A combined general/epidural 
anaesthetic technique is often useful for major ab- 
dominal or thoracic surgery, as there is good evidence 
of a reduction in postoperative pulmonary complica- 
tions with effective epidural analgesia. This approach 
may avoid a need for postoperative IPPV in some pa- 
tients or may be usefully combined with noninvasive 
ventilation. 


Anaesthetic Agents. Drugs which are associated with 
histamine release, e.g. atracurium and morphine, are 
perhaps best avoided, whilst rocuronium and fentanyl 
are preferred. B-Blocking drugs should also be avoided. 
If bronchospasm occurs during anaesthesia, it may re- 
sult from easily remedied causes such as light anaes- 
thesia or tracheal tube irritation and these should be 
corrected. If bronchospasm persists, nebulized salbu- 
tamol 2.5-5 mg should be administered into the anaes- 
thetic breathing system and if this is not immediately 
beneficial, salbutamol 125-250,1g or aminophylline 
250mg should be administered by slow i.v. injection 
over at least 20 minutes, under ECG monitoring. The 
aminophylline dose should be modified if the patient 
is receiving oral theophylline. Thereafter, an infu- 
sion of aminophylline, up to 0.5-0.8mg kg h™', or 
salbutamol, possibly in combination with nebulized 
salbutamol by positive-pressure ventilation (solution 


of 50-100 ug mL of water, run at 3-20 pg min’), 
should be maintained until improvement occurs. 
Hydrocortisone 200mg i.v. should be given simulta- 
neously, although it has no immediate effect. Inhaled 
volatile anaesthetic agents, e.g. sevoflurane, and in- 
travenous ketamine have also been used with success 
when other agents have failed to relieve acute broncho- 
spasm. Intravenous magnesium should also be consid- 
ered in refractory cases. 


Postoperative Care 


Postoperative care of the patient with severe COPD or 
asthma should be conducted in an HDU or an ICU 
to allow close respiratory monitoring and ventilatory 
support if required. 

Elective postoperative controlled ventilation allows 
adequate oxygenation, analgesia without respiratory 
depression, clearance of secretions by physiotherapy, 
tracheal suction and, if necessary, therapeutic fibreoptic 
bronchoscopy. Cardiac output and peripheral perfusion 
should be optimized before restoration of spontaneous 
ventilation. Unless there is pre-existing pulmonary in- 
fection, a period of 24h of elective controlled ventilation 
is usually adequate and many patients may be weaned 
to spontaneous breathing much sooner. Analgesia pro- 
duced by regional, e.g. epidural, blockade often allows 
earlier return to spontaneous ventilation, and permits 
pain-free coughing and clearing of secretions. 


Oxygen and Respiratory Care. Asthmatic patients 
rarely lose carbon dioxide responsiveness, and therefore 
high inspired oxygen concentrations are well tolerated 
and should be given. In patients with COPD, a con- 
trolled concentration of oxygen is generally required 
during spontaneous ventilation, using a 24% or 28% 
Venturi mask. Arterial blood gases should be checked 
frequently to ensure an adequate PaO, (>8 kPa) with- 
out excessive carbon dioxide retention (PaCO, <7.5-8 
kPa). Using a pulse oximeter, the FiO, may be titrated 
to achieve an SpO, of around 90%. Hypoxaemia may 
seriously aggravate existing pulmonary hypertension 
and precipitate right ventricular failure. 

Percutaneous cricothyroid puncture and insertion 
of a minitracheostomy permits aspiration of secretions 
while preserving the ability of the patient to cough and 
speak. This may be indicated postoperatively if spu- 
tum retention is a major problem. 
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The use of non-invasive respiratory support via a 
face-mask may be beneficial in the postoperative pe- 
riod. Non-invasive ventilation with a bilevel ventilator 
may aid carbon dioxide clearance and avoid postop- 
erative invasive ventilation, or bridge the gap from in- 
vasive ventilation to spontaneous breathing. Face mask 
CPAP increases lung volumes and may prevent or treat 
lung atelectasis, with consequent improvement in 
oxygenation but without any significant effect on CO, 
clearance. 

Techniques such as intermittent positive-pressure 
breathing (IPPB) supervised by a physiotherapist after 
surgery, can be used to expand the lungs and aid clear- 
ance of secretions. These techniques may also be effec- 
tive if used and taught preoperatively in patients with 
large volumes of pulmonary secretions. 


Analgesia. Simple, non-opioid analgesics and/or local 
and regional techniques should be used where possi- 
ble. Non-steroidal anti-inflammatory drugs (NSAIDs) 
such as diclofenac or ibuprofen are useful in reducing 
the opioid requirements following major surgery and 
may be adequate on their own after minor surgery. 
However, NSAIDs may aggravate bronchospasm in 
some asthmatics as a result of increased leukotriene 
production. These agents should not be given to pa- 
tients with a history of aspirin hypersensitivity or to 
asthmatics who have never taken NSAIDs previously. 
Opioid analgesics are best administered, where nec- 
essary, in small i.v. doses, under direct supervision, 
or using patient-controlled analgesia. Physiotherapy, 
bronchodilators and antibiotics should be continued 
postoperatively. 


Bronchiectasis 


The patient should receive intensive physiotherapy 
with postural drainage for several days before surgery. 
Appropriate antibiotics, based on sputum culture, 
should be prescribed. Severe disease localized in one 
lung should be isolated during anaesthesia using a 
double-lumen tube. 


Restrictive Lung Disease 


This category includes a wide range of conditions 
which affect the lung and chest wall. Lung diseases 
include sarcoidosis and fibrosing alveolitis, while le- 
sions of the chest wall include kyphoscoliosis and 
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ankylosing spondylitis. Pulmonary function tests re- 
veal a decrease in both FEV, and FVC, with a normal 
FEV /FVC ratio and decreased FRC and total lung 
capacity (TLC). Small airways closure occurs during 
tidal ventilation, with resultant shunting and hypox- 
aemia. Lung or chest wall compliance is decreased; 
thus, the work of breathing is increased and the abil- 
ity to cough and clear secretions is impaired. There 
is an increased risk of postoperative pulmonary 
infection. 

Anaesthesia causes little additional decrease in 
lung volumes and is tolerated well, provided that 
hypoxaemia is avoided. However, postoperatively, 
inadequate basal ventilation and retention of secre- 
tions may occur, partly as a result of pain, opioid an- 
algesics and the residual effects of anaesthetic agents. 
High concentrations of oxygen may be used with- 
out risk of respiratory depression. A short period of 
mechanical ventilation may be necessary in patients 
with severe disease to allow adequate analgesia and 
clearing of secretions. Minitracheostomy may aid 
sputum clearance in the postoperative period, while 
non-invasive ventilation may avert the need for 
prolonged intubation and IPPV. Effective epidural 
analgesia helps to reduce postoperative respiratory 
complications. 


Bronchial Carcinoma 


Patients with bronchial carcinoma frequently suf- 
fer from coexisting COPD. In addition, there may 
be infection and collapse of the lung distal to the tu- 
mour. Patients with bronchial carcinoma may have 
myasthenic syndrome (see p. 413), while oat-cell 
tumours may secrete a variety of hormones, among 
the commonest being adrenocorticotrophic hormone 
(ACTH), (producing Cushing’s syndrome), and anti- 
diuretic hormone (ADH) (producing dilutional 
hyponatraemia, the syndrome of inappropriate ADH 
secretion). 


Tuberculosis 


Tuberculosis should be considered in patients with 
persistent pulmonary infection, especially if associated 
with haemoptysis or weight loss. It is becoming com- 
moner in the UK. If active disease is present, all anaes- 
thetic equipment should be changed after use to avoid 
cross-infection. 
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GASTROINTESTINAL DISEASE 


Gastrointestinal disease presents several problems for 
the anaesthetist: 


= malnutrition 

m anaemia 

m fluid and electrolyte depletion 
m gastro-oesophageal reflux. 

Malnutrition cannot usually be corrected fully be- 
fore surgery but fluid and electrolyte depletion may be 
remedied, and appropriate measures may be taken to 
minimize the risk of regurgitation and aspiration. 


Malnutrition 


This may be caused by decreased nutritional intake, 
malabsorption or gut losses. Patients are at increased 
risk of perioperative morbidity and mortality, with 
infections, poor wound healing and thromboembolic 
complications being prominent. If patients are under- 
going major surgery, consideration should be given to 
commencing preoperative nutritional support with 
enteral or total parenteral nutrition (TPN) before sur- 
gery. Vitamin supplementation is essential. Anaemia 
should be corrected. 


Fluid and Electrolyte Depletion 


This may result from decreased fluid intake caused 
by dysphagia or vomiting, or diarrhoea, for example. 
Significant fluid depletion may be caused by preoperative 
bowel preparation with hypertonic solutions and fluid 
may be given i.v. before surgery to maintain hydration. 
Clinical assessment of volume depletion (poor per- 
fusion, decreased tissue turgor, postural hypotension) 
should be supplemented by measurement of serum urea 
and electrolyte concentrations, and fluid and electrolyte 
deficits replaced. Patients with intestinal obstruction 
may have extreme fluid and electrolyte depletion, with 
a consequent risk of cardiovascular collapse, if vigorous 
fluid resuscitation is not provided before induction of 
anaesthesia. These patients require invasive cardiovas- 
cular monitoring throughout the perioperative period. 


Gastrointestinal Reflux 


Patients at risk include those with symptoms such as 
heartburn and regurgitation, and those with proven 
hiatus hernia. Patients with intestinal obstruction, 


ileus secondary to peritonitis from any cause and those 
presenting with vomiting may have a full stomach and 
be prone to regurgitation. 

Other factors associated with reflux include raised 
intra-abdominal pressure, with obesity, pregnancy and 
the lithotomy position being particular risk factors. 

The risk of aspiration of gastric acid and subse- 
quent pneumonitis is reduced by administration of a 
histamine H,-receptor antagonist, e.g. ranitidine, on 
the night before and morning of surgery, or a proton 
pump inhibitor, e.g. omeprazole. Sodium citrate 30 mL 
5min before induction neutralizes residual gastric 
acid. Metoclopramide is sometimes given to promote 
gastric emptying. 

In patients with intestinal obstruction, emptying the 
stomach before induction of anaesthesia, using a large 
bore nasogastric tube, may be attempted. However, this 
may precipitate vomiting and, even if apparently effec- 
tive, an empty stomach cannot be assumed. 

Prevention of regurgitation and aspiration of gas- 
tric contents is based on early securing of the airway; 
preoxygenation, followed by rapid-sequence induction 
of anaesthesia with cricoid pressure to prevent regur- 
gitation, is mandatory. 


LIVER DISEASE 


By far the commonest cause of liver disease in patients 
presenting for anaesthesia and surgery is alcoholic cir- 
rhosis. This ranges in severity from asymptomatic to 
hepatic failure. Anaesthesia and surgery may affect 
liver function adversely, e.g. by decreasing liver blood 
flow, while pre-existing liver dysfunction may affect 
the conduct of anaesthesia because of impaired drug 
metabolism. 


Preoperative Assessment 


Preoperative assessment should be directed both to the 
degree of liver dysfunction and to the complications of 
liver disease. 

Clinical features of liver disease include jaun- 
dice, ascites, oedema and impaired conscious level 
(encephalopathy). 

Preoperative investigations should include full 
blood count, a coagulation screen, serum urea and 
electrolytes, bilirubin, alkaline phosphatase and 
transaminases, protein, albumin and blood sugar 
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concentrations. Hypoglycaemia and hyperlacta- 
taemia may indicate hepatic metabolic dysfunc- 
tion and a prolonged PT ratio impaired synthetic 
function. The patient should be screened for viral 
hepatitis. Universal precautions should be taken to 
protect staff and patients from transmission of viral 
hepatitis. 

As far back as 1963, Child identified an increased 
mortality in patients with liver disease and classified 
surgical risk in patients with liver disease on the basis of: 


m bilirubin and albumin concentrations 
nutritional state 

presence of ascites 

neurological disturbance 

surgical risk. 


Particular problems relevant to the anaesthetist in- 
clude the following: 

Cardiovascular function. Patients with liver dis- 
ease tend to be vasodilated and hypotensive. This may 
be aggravated by loss of fluid from the circulation as 
a result of hypoalbuminaemia and hence low oncotic 
pressure. Hypotension may also be aggravated by alco- 
holic cardiomyopathy. 

Respiratory function. There may be respiratory 
compromise caused by diaphragmatic splinting by 
ascites and by pleural effusions. In severe disease, in- 
trapulmonary shunting may cause disproportionate 
hypoxaemia. 

Acid-base and fluid balance. Many patients are 
overloaded with salt and water. Hypoalbuminaemia 
results in oedema and ascites and predisposes to 
pulmonary oedema. Secondary hyperaldosteron- 
ism produces sodium retention (even though the 
plasma sodium concentration may be low) and also 
hypokalaemia. Diuretic therapy, often including spi- 
ronolactone, may also affect the serum potassium con- 
centration. In hepatic failure, a combined respiratory 
and metabolic alkalosis may occur, which shifts the 
oxygen dissociation curve to the left, potentially im- 
pairing tissue oxygenation. 

Hepatorenal syndrome. This is defined as acute 
renal failure developing in patients with pre-existing 
chronic liver failure. Jaundiced patients are at risk of 
developing postoperative renal failure. This may be 
precipitated by hypovolaemia. Prevention involves 
adequate preoperative hydration, with iv. fluids for 
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at least 12h before surgery and close monitoring of 
urine output, intra- and postoperatively. Intravenous 
20% mannitol 100mL may be given preoperatively 
and postoperatively if the hourly urine output de- 
creases below 50 mL, though there is limited evidence 
for its efficacy. Close cardiovascular monitoring is es- 
sential and measurement of cardiac output should be 
considered. 

Bleeding problems. Production of clotting factors 
Il, VII, IX and X is reduced as a result of decreased 
vitamin K absorption. Production of factor V and 
fibrinogen is also reduced. Thrombocytopenia occurs 
if portal hypertension is present. Gastrointestinal 
haemorrhage from gastro-oesophageal varices may 
cause major management problems. Vitamin K 
should be administered preoperatively and fresh fro- 
zen plasma given to provide clotting factors during 
surgery, with regular checks made on coagulation. 
Infusion of platelet concentrate is indicated to cover 
surgery in cases of severe thrombocytopenia (plate- 
let count <50X10° L~') or if there is overt bleeding 
in a thrombocytopenic patient. Close liaison with 
the haematology service is essential and local proto- 
cols should be in place for the management of major 
haemorrhage. 

Infection. Impairment of the filtering function of 
the liver’s Kupffer cells leads to a higher incidence of 
endotoxaemia and infection. Bacterial peritonitis is a 
potential problem in patients with ascites. 

Drug metabolism. Impairment of liver function 
slows elimination of drugs, including anaesthetic in- 
duction agents, opioid analgesics, benzodiazepines, 
succinylcholine, local anaesthetic agents and many 
others. Because the duration of action of many of these 
drugs is determined initially by redistribution, prolon- 
gation of action may not become apparent until a sub- 
sequent dose has been given. 

In addition, many drugs have toxic effects on the 
liver. Halothane was previously well recognized as a 
cause of postoperative hepatitis, or even fulminant he- 
patic failure. Modern volatile anaesthetic agents, e.g. 
isoflurane, sevoflurane, are minimally metabolized 
and this complication is now rare. 

Hepatic failure. The management of hepatic failure 
is beyond the scope of this chapter. The main issues are 
recognition, assessment and initial resuscitation and 
transfer to a specialist centre. 
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Initial Management Issues 


m The airway and breathing may be compromised by 
impaired conscious level, diaphragmatic splinting 
by ascites or both. Intubation of the trachea and 
IPPV may be required, especially for transport. 

m Direct monitoring of arterial and central ve- 
nous pressures is required. Hypotension requires 
correction, generally with a vasopressor, e.g. 
noradrenaline (noradrenaline). Intravascular 
hypovolaemia and poor cardiac output need to 
be considered as possible additional factors. 

m Conscious level: airway protection and IPPV 
may be required. Blood glucose concentration 
must be checked and hypoglycaemia corrected 
with intravenous glucose infusion. The presence 
of blood in the gastrointestinal tract following 
variceal or other haemorrhage is commonly a 
precipitating factor for encephalopathy; it is 
treated with lactulose by nasogastric tube. 

m Electrolyte problems such as hypokalaemia 
should be corrected. 

m Active bleeding should, if possible, be controlled 
before transfer to a specialist centre, e.g. by band- 
ing of gastro-oesophageal varices, or insertion of 
a Linton or Sengstaken-Blakemore tube. 


Conduct of Anaesthesia 


Anaesthesia with tracheal intubation and IPPV is com- 
monly required to enable procedures to control gas- 
trointestinal bleeding, e.g. upper GI endoscopy with 
injection or banding of oesophageal varices, to be un- 
dertaken safely. 

The liver is particularly vulnerable to hypoxia, hy- 
povolaemia and hypotension. During anaesthesia, 
cardiovascular stability should be maintained as far as 
possible. Lost blood should be replaced promptly, and 
overall fluid balance maintained. Careful arterial and 
central venous pressure monitoring is required. Drugs 
which depress cardiac output or arterial pressure, in- 
cluding volatile anaesthetic agents and {-blockers, 
should be used with caution to avoid reduction in he- 
patic blood flow. 

The neuromuscular blockers of choice are those 
with cardiovascular stability and a short duration 
of action; atracurium may be preferable because 
its elimination is independent of hepatic and renal 


function. Opioids should be administered with cau- 
tion unless ventilatory support is planned postop- 
eratively. Short-acting agents such as remifentanil 
should be infused intraoperatively and fentanyl PCA 
may be suitable for postoperative analgesia. NSAIDs 
should be avoided. 

Controlled ventilation to a normal PaCO, is impor- 
tant, as hypocapnia is associated with decreased hepatic 
blood flow. Hypoxaemia should be avoided throughout 
the perioperative period. In the adequately volume- 
expanded patient, hypotension may be reversed by in- 
fusion of noradrenaline (noradrenaline). However, in 
the unstable patient, expert help should be sought and 
monitoring should include measurement of cardiac 
output. In the presence of oesophageal varices, oesoph- 
ageal doppler monitoring is contraindicated and other 
cardiac output monitors should be used. 


RENAL DISEASE 


Renal dysfunction has several important implica- 
tions for anaesthesia, and therefore full assessment is 
required before even minor surgical procedures are 
contemplated. 

Measurement of blood urea and electrolyte con- 
centrations should be undertaken before all major sur- 
gery and in all elderly or potentially unwell patients; a 
raised blood urea concentration demonstrated preop- 
eratively may be the first indication of renal disease. 
Severity of renal dysfunction may be assessed further 
by measurement of serum creatinine concentration 
and creatinine clearance, urinary:plasma osmolal- 
ity ratio and urinary urea and electrolyte excretion 
(Table 18.6). 


TABLE 18.6 


Urinary Measurements in Prerenal and Renal Failure 


Variable Prerenal Renal 
Specific gravity High >1.020 1.010-1.012 
Sodium (mmol L~!) Low <20 High >40 
U:P urea ratio High >20 Low <10 
U:P creatinine ratio High >40 Low <10 
U:P osmolality ratio High >2.1 Low <1.2 


U, urine; P, plasma 
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Chronic kidney disease (CKD) is currently classi- 
fied according to estimated glomerular filtration rate 
(eGFR). It should be noted that, while eGFR can be a 
useful estimate of renal function, it requires a steady- 
state creatinine concentration for calculation and is 
therefore inaccurate in acute renal failure, and it should 
not be used in the acutely ill or unstable patient. It is 
also inaccurate where muscle mass or creatinine intake 
are at extremes, e.g. in cachectic patients or those on a 
vegetarian diet. 

CKD 1&2: eGFR>60 but with other evidence of 
kidney disease such as haematuria or proteinuria. 


m CKD 3: eGFR 30-59 
m CKD 4: eGFR 15-29 
m CKD 5: eGFR <15 


Pre-Anaesthetic Assessment 


Pre-anaesthetic assessment of the patient should be 
directed to several specific problems which require 
correction before anaesthesia. 


Fluid Balance 


In acute renal failure (acute kidney injury), fluid over- 
load may develop suddenly and is uncompensated. In 
chronic renal failure, overload may be controlled with 
diuretic therapy or dialysis. Pulmonary oedema and 
hypertension may result from fluid overload and must 
be treated before induction of anaesthesia. This may 
require fluid removal using dialysis or haemofiltration. 

In patients with nephrotic syndrome, hypoalbu- 
minaemia results in oedema and ascites. Circulating 
blood volume in these patients is often decreased, and 
care should be taken at induction of anaesthesia to 
avoid hypotension. Invasive monitoring and measure- 
ment of cardiac output should be considered in these 
patients. 


Electrolyte Disturbances 


Sodium. Sodium retention occurs in renal failure, and 
through increased secretion of ADH, is associated with 
water retention, oedema and hypertension. 
Hyponatraemia is also common in renal disease. It is 
the result either of sodium losses through the kidney or 
gastrointestinal tract, or of water overload causing dilu- 
tional hyponatraemia. The renal tubules may have a re- 
duced ability to conserve sodium, e.g. in pyelonephritis, 
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analgesic nephropathy or recovering acute renal failure, 
or sodium may be lost through diuretic therapy, vomit- 
ing or diarrhoea. Dilutional hyponatraemia is caused 
by either inappropriate fluid administration (glucose 
5%), inappropriate ADH secretion, or both. Following 
transurethral prostatectomy, hyponatraemia may result 
from absorption of glycine irrigation fluid. Diagnosis 
of the cause of hyponatraemia involves measurement 
of urinary and plasma osmolality and urinary sodium 
concentration. 


Potassium. Hyperkalaemia occurs typically in renal 
failure, frequently in association with metabolic aci- 
dosis. It causes delayed myocardial conduction and, 
if untreated, leads to cardiac arrest in asystole or ven- 
tricular fibrillation. 

Hyperkalaemia should be treated promptly when 
the serum potassium concentration exceeds 6mmol 
L~ or when ECG changes are evident: 


m calcium chloride 10% titrated up to 20 mL i.v. to 
antagonize the cardiac effects of hyperkalaemia, 
under ECG guidance 

m glucose 50%, 50mL with 5-15 units of soluble 
insulin followed by an infusion of 20% glucose 
with insulin as required, depending on BM-test 
blood sugar estimation 

= nebulized salbutamol 5 mg repeated regularly 

= sodium bicarbonate 1.26% to improve the meta- 
bolic acidosis 

m an ion exchange resin, e.g. calcium polystyrene 
sulphonate, orally, provides longer-term control 
in chronic renal failure 

m haemodialysis or haemofiltration. The former is 
more effective in lowering serum potassium con- 
centration rapidly, but haemofiltration may be 
more easily set up as an emergency in a general 
intensive care unit. 


Hypokalaemia occurs commonly in patients receiv- 
ing diuretic therapy. These patients require preopera- 
tive measurement of serum potassium concentration 
and replacement if necessary. Hypokalaemia is asso- 
ciated with ventricular irritability, notably in patients 
taking digoxin. 


Calcium. Retention of phosphate and vitamin D 
depletion (1,25-dihydroxycholecalciferol) in chronic 
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renal failure lead to hyperparathyroidism. The devel- 
opment of a parathyroid adenoma leads to hypercal- 
caemia (tertiary hyperparathyroidism). 


Cardiovascular Effects 


Hypertension may occur for several reasons: 


m a raised plasma renin concentration secondary 
to decreased perfusion of the juxtaglomerular 
apparatus results in hypertension through in- 
creased secretion of angiotensin and aldosterone 

m fluid retention also causes hypertension by in- 
creasing the circulating blood volume. 


Conversely, hypertension from other causes results 
in renal impairment. The precise cause of hyperten- 
sion in these patients should be sought and the hyper- 
tension treated. 

Both pulmonary and peripheral oedema may oc- 
cur from a combination of fluid overload, hyper- 
tensive cardiac disease and hypoproteinaemia. Heart 
failure should be treated preoperatively. Uraemia 
may cause pericarditis and a haemorrhagic pericar- 
dial effusion, which may embarrass cardiac output 
and require aspiration. Good control of blood urea 
concentration with haemodialysis or haemofiltration 
usually prevents this complication and is essential for 
its resolution. 


Neurological Effects 


Severe uraemia causes drowsiness and eventually coma. 
Electrolyte disturbances and rapid fluid shifts, e.g. dur- 
ing dialysis, may also affect conscious level by causing 
cerebral oedema. Sedative drugs, including opioids, 
should be used with care in these patients. Morphine 
may be a particular problem because renally excreted 
metabolites, in particular morphine-6-glucuronide, 
accumulate. In addition, a combined motor and sen- 
sory peripheral neuropathy may occur in uraemic 
patients. 


Haematological Effects 


Patients with chronic kidney disease suffer from nor- 
mochromic anaemia, which results from marrow de- 
pression, partly as a result of erythropoietin deficiency. 
They also have an increased incidence of gastroin- 
testinal bleeding, and so iron deficiency may also be 
present. These patients are usually well compensated, 


with an increased cardiac output, so that excessive 
preoperative blood transfusion should be avoided. 
Increasingly, such patients are treated with long-term 
erythropoietin. There is often a bleeding tendency, in 
part caused by platelet dysfunction. Conventional tests 
of coagulation (platelet count, PTT, APPT) are normal 
but bleeding time is prolonged and correlates with the 
degree of bleeding tendency. Platelet dysfunction may 
be improved with cryoprecipitate 10 iu i.v. over 30 min 
or desmopressin (DDAVP) 0.3 ug kg™! i.v. or s.c. 


Other Factors 


Patients with chronic kidney disease are frequently un- 
dernourished and tend to be vulnerable to infection. 
Patients who have received a renal transplant and are 
immunosuppressed are particularly vulnerable to op- 
portunistic pathogens, e.g. Pneumocystis jirovecii. 


Drug Treatment 


This is important for several reasons: 


™ patients are frequently receiving concurrent 
medication for attendant problems, e.g. anti- 
hypertensive therapy 

m many drugs are renally excreted; dosages require 
modification and plasma concentrations may re- 
quire monitoring, e.g. aminoglycosides, digoxin 

m some drugs have active metabolites which are 
renally excreted, e.g. morphine, midazolam. 
Dosage requires careful titration, or use of alter- 
native agents should be considered, e.g. fentanyl, 
oxycodone 

m some drugs adversely affect renal function, even 
in normal dosage. NSAIDs and the newer specific 
cyclo-oxygenase 2 inhibitors inhibit vasodilator 
prostaglandin production in the kidney and thus 
reduce glomerular blood flow and sodium excre- 
tion. This may be critical in septic or shocked 
patients, those with pre-existing renal dysfunc- 
tion or those undergoing surgery associated with 
major blood loss. Their use should be avoided in 
such high-risk patients. 


ACE inhibitors dilate the postglomerular arterioles 
in the kidney and thus reduce glomerular filtration 
pressure. They may therefore precipitate renal failure 
in hypotensive patients. Patients receiving these agents 
should be monitored carefully and fluid should be 
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replaced adequately to avoid hypotension. It may be 
prudent to omit the immediate preanaesthetic dose in 
the high-risk patient. ACE inhibitors may also cause 
hyperkalaemia, particularly in patients with renal 
dysfunction. 


Anaesthesia 


Minor procedures, such as the establishment of vas- 
cular access for dialysis, may be carried out satisfacto- 
rily under regional anaesthesia. The potential benefits 
of neuraxial blockade need to be weighed against the 
risks associated with impaired coagulation for indi- 
vidual patients. 

Patients who suffer from acute renal failure, and 
those receiving long-term dialysis for chronic renal 
failure, may require dialysis before surgery to correct 
fluid overload, acid-base disturbances and hyperkalae- 
mia. Ideally, there should be some delay before surgery 
to allow correction of anticoagulation. 

The i.v. cannula for induction and fluid infusion 
should be sited in the contralateral limb from the ar- 
teriovenous shunt or fistula in patients undergoing 
dialysis and care should be taken to protect the fistula 
during the operation. Careful monitoring of arterial 
pressure and ECG is required and CVP measurement 
may be indicated in patients who are clinically fluid 
overloaded. Intravenous fluid administration should 
be cautious and in some instances titrated against CVP 
measurements. Excessive sodium administration and 
potassium-containing solutions should be avoided in 
renal failure. If the patient is anaemic preoperatively, 
intraoperative blood loss should be replaced promptly. 

Succinylcholine should be avoided in hyperkalae- 
mic patients in view of its effect of releasing potassium 
from muscle cells. An increase of up to 0.6 mmol L~' 
may be expected in normal dosage. 

Drugs excreted primarily via the kidneys should 
be used with caution in renal failure. In anaesthetic 
practice, the principal drugs involved are the neuro- 
muscular blockers. Atracurium, elimination of which 
is independent of kidney and liver function, and 
which has minimal cardiovascular effects, is the drug 
of choice. All other neuromuscular blockers depend 
to some extent on renal elimination and should be 
avoided, particularly in repeated doses. In addition, 
many drugs, including morphine, are conjugated in 
the liver before excretion in the urine. Depending on 
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the activity of the conjugated metabolite, these drugs 
may have adverse effects following repeated doses. 
Morphine-6-glucuronide, an active metabolite of 
morphine, accumulates in renal failure and may result 
in prolongation of clinical effects after administration 
of morphine. 

Modern volatile anaesthetic agents avoid metabo- 
lism to fluoride ions to any great extent, and are free of 
any deleterious effects on renal function. 


Postoperative Renal Failure 


In the absence of severe sepsis or pre-existing renal 
dysfunction, this is now relatively uncommon. In 
high-risk patients, such as those undergoing major 
surgery which involves large blood loss, surgery fol- 
lowing trauma, and septic patients, avoidance of renal 
failure involves close monitoring of the cardiovascular 
state, including CVP and urinary output, avoidance of 
hypoxaemia and hypotension, and adequate fluid and 
blood replacement. In many instances, e.g. in patients 
with pre-existing renal dysfunction, shock, sepsis or 
liver disease, a pulmonary artery catheter may be re- 
quired to optimize cardiac output and oxygen delivery, 
and to guide vasoactive drug therapy. Low-dose (2-5 ug 
kg“! min“!) dopamine was formerly recommended to 
prevent renal failure in such situations, but it has been 
demonstrated by randomized controlled trial to be in- 
effective. The only proven therapy in the prevention 
and early treatment of acute renal failure is adequate 
fluid resuscitation titrated against CVP and mainte- 
nance of an adequate cardiac output and mean arterial 
pressure (>80 mmHg). This may involve use of a vaso- 
active agents such as dobutamine (mainly inotropic) 
and/or noradrenaline (mainly vasoconstrictor). 

Other measures, such as use of an osmotic diuretic 
(mannitol 100mL of 20% solution over 15 min) or 
loop diuretic (furosemide by bolus or infusion), are 
also of doubtful value. Mannitol continues to be rec- 
ommended in jaundiced patients at risk of developing 
the hepatorenal syndrome and in patients with rhab- 
domyolysis. In some cases of oliguric acute renal fail- 
ure, where adequate resuscitation has failed to achieve 
diuresis, furosemide i.v. does appear to ‘kick-start’ a 
urine output which is then maintained. 

Postoperative oliguria may also be the result of 
postrenal causes. Patients with prostatic enlarge- 
ment are particularly liable to develop acute urinary 
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retention. Examination to exclude a full bladder and 
catheterization should always be carried out in the an- 
uric postoperative patient. Abdominal ultrasound is 
mandatory in all cases of acute renal failure to exclude 
obstruction as a causative or contributory factor. It 
also allows assessment of the size and presence of two 
kidneys which provides prognostic information. 


DIABETES MELLITUS 


Diabetes mellitus is common. Approximately 10% of 
patients admitted to hospital have diabetes either as a 
cause of admission or coincidentally. Fifty per cent of 
all diabetic patients present for surgery during their 
lifetime, most commonly for ophthalmic or vascular 
disease or for drainage of an abscess. Perioperative 
morbidity and mortality are greater in diabetic than in 
non-diabetic patients, for several reasons: 


m hyperglycaemia leading to increased risk of in- 
fectious complications and impaired healing (in- 
cluding anastomotic failure) 

= hypoglycaemia, the clinical signs of which may 
be masked completely by anaesthesia 

m complications of diabetes: 
= ischaemic heart disease 
= autonomic neuropathy 
= infection 
= renal impairment. 

There are two main types of diabetes: type 1, pan- 
creatic B-cell destruction (insulin dependent); type 2, 
defective insulin secretion and insulin resistance (non- 
insulin-dependent diabetes mellitus). Both groups suf- 
fer from hyperglycaemia. However, the complete lack 
of insulin in the former group allows unrestrained 
glycogenolysis, gluconeogenesis, and protein and fat 
catabolism with subsequent production of keto acids 
if insulin treatment is interrupted. These effects are 
limited by residual insulin production in type 2 dia- 
betics. However, additional significant stress such as 
major surgery or sepsis may be sufficient to precipitate 
ketoacidosis in this group too. 

The specific problems of managing diabetic patients 
who undergo surgery are a result of the attendant pe- 
riod of starvation and the stress response to surgery 
with catabolic hormone release. The aim is to mini- 
mize the metabolic disturbance by ensuring an ade- 
quate intake of glucose and insulin, thus controlling 


hyperglycaemia and reducing proteolysis, lipolysis and 
production of lactate and ketones. Adequate control 
of blood glucose concentration must be established 
preoperatively and maintained until oral feeding is re- 
sumed after operation. 

The availability of accurate near-patient monitor- 
ing of blood glucose has allowed close glycaemic con- 
trol to be achieved perioperatively and there is now 
strong evidence that good glycaemic control improves 
outcome following major surgery. 

Precise diabetic management depends upon: 


m the nature of the diabetes and its treatment (insulin- 
dependent or non-insulin-dependent) 

m the magnitude of the surgery contemplated, in 
particular duration of fasting 

m the time available for improving control of the 
diabetes preoperatively if necessary. 


Preoperative Assessment 


Preoperative assessment is aimed at evaluating blood 
glucose control, the treatment regimen used and the 
presence of complications. 


Control of Blood Glucose 


This is assessed by inspection of the patient’s urine- 
testing or BM-testing records, by random blood 
glucose measurements and by measurement of 
glycosylated haemoglobin (HbA). Whenever pos- 
sible, blood glucose concentration should be main- 
tained between 6 and 10 mmol L~. HbA, should be 
48-59 mmol mol"! or 6.5-7.5% in a well-controlled 
diabetic patient; higher values indicate poor con- 
trol. In an elective situation, a patient with poor 
preoperative glycaemic control should benefit 
from review and optimization of treatment before 
surgery. 


Treatment Regimens. Oral hypoglycaemic agents: 


= the sulphonylureas, e.g. glipizide and gliclazide, 
stimulate release of insulin from the pancreatic 
islets. Hypoglycaemia may be induced by these 
agents. 

m biguanides, e.g. metformin, which increase pe- 
ripheral uptake of glucose and decrease gluconeo- 
genesis, are used either alone or in combination 
with sulphonylureas. These agents may cause 
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lactic acidosis, usually, but not exclusively, in pa- 
tients with a degree of renal or hepatic impair- 
ment. Guidelines for the administration of iv. 
contrast media include the instructions to with- 
hold metformin for 24h before and 48h after the 
investigation. Lactic acidosis carries a very high 
mortality. Metformin, the only biguanide now 
available, should usually be discontinued on the 
morning of surgery. Newer guidelines however 
suggest that it may be safely continued provided 
the patient does not have renal impairment and 
hypovolaemia is avoided. 

m acarbose inhibits intestinal glucosidases, delay- 
ing carbohydrate digestion and reducing post- 
prandial glucose surges. 


Insulins: 

Insulin therapy is required by all type 1 diabetics 
and some type 2 patients. Most insulins in clinical use 
are now human insulins produced via recombinant 
DNA technology. The durations of action of insulin 
preparations vary: 


m Short-acting insulins. Soluble insulins, e.g. 
Humulin S and Actrapid, have an onset time of 
30 min, peak effect 2-4h and duration 8h when 
given subcutaneously. Given intravenously, their 
effect is much shorter, with a half-life of around 
2.5min and a duration of action of 30min. 
Insulin aspart (NovoRapid) and insulin lispro 
(Humalog) are human insulin analogues and 
have an even faster onset and shorter duration of 
action. 

= Intermediate, e.g. isophane insulin, insulin zinc 
suspension and the human insulin analogues: 
insulin detemir (levemir) and insulin glargine 
(lantus) have a more prolonged duration of ac- 
tion up to 16-35 hours. Onset time is 1-2 hours 
with peak effect at 4-12 hours. The longest acting 
agents, detemir and glargine, are often given once 
daily. 

= Biphasic fixed mixtures, e.g. Mixtard (soluble 
and isophane insulin), Humalog (insulin lis- 
pro and insulin lispro protamine), NovoMix 
(insulin aspart and insulin aspart protamine). 
These are a combination of soluble and longer- 
acting insulins available in a variety of different 
proportions. 
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Insulin is given by subcutaneous injection and the 
patient’s specific regimen is tailored to provide opti- 
mal glycaemic control. Often this is a twice-daily bi- 
phasic insulin injection. However, with the increasing 
requirement to achieve near normoglycaemia, more 
complex regimens are increasingly seen, e.g. a single 
‘background’ injection of long-acting insulin with sol- 
uble insulin given before meals. 

In well-controlled diabetic patients it is not usually 
necessary to change the insulin regimen on the day 
before surgery. Often, a change of regimen results in 
poorer control. 


Complications of Diabetes Mellitus 


m Cardiovascular disorders (coronary artery, cere- 
brovascular and peripheral vascular) are com- 
mon in diabetic patients and there is an increased 
risk of perioperative myocardial infarction. 
There may be significant ischaemic heart disease 
in the absence of warning symptoms and, as dis- 
cussed earlier, this is a group which may merit 
further cardiovascular investigation before major 
surgery. 

m Renal disease. Microvascular damage produces 
glomerulosclerosis with proteinuria, oedema 
and eventually chronic renal failure. Anaesthetic 
implications of renal disease are discussed on 
page 401, and in Chapter 10. 

m Ocular problems. Cataracts, exudative or prolif- 
erative retinopathy, vitreous haemorrhage and 
retinal detachment may occur. In the long term, 
good blood glucose control has been shown to 
reduce the frequency of such complications. 

= Infection. Diabetic patients are prone to in- 
fection and an increased risk of septicae- 
mia, abscess formation and wound infection. 
Infection is associated with increased insulin 
requirements, which return to normal on its 
eradication. 

= Neuropathy. Chronic sensory peripheral neu- 
ropathies are common; mononeuropathies and 
acute motor neuropathies (amyotrophy) are 
associated with poor control of blood glucose. 
Loss of sensation together with peripheral vas- 
cular disease may lead to ulceration after trivial 
trauma. Consequently, care in positioning pa- 
tients in the operating theatre is important. Local 
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anaesthetic nerve or plexus blocks should be 
avoided in patients with an acute neuropathy, as 
neurological deficits may be attributed to the lo- 
cal anaesthetic solution. 

m Autonomic neuropathy may cause postoperative 
urinary retention or vasomotor instability, e.g. 
postural hypotension or hypotension during 
anaesthesia. IPPV or subarachnoid or epidural 
block may be associated with significant hypo- 
tension; preoperative intravascular volume sta- 
tus should be assessed and fluids given to achieve 
normovolaemia before performing a block. 
Precise cardiovascular monitoring, use of vaso- 
pressors and careful anaesthetic management are 
essential. 


Concurrent Drug Therapy 


Thiazide diuretics, adrenergic agents, e.g. salbutamol, 
and corticosteroids tend to increase the blood glucose 
concentration. B-Adrenergic blockers tend to poten- 
tiate hypoglycaemia and may mask its clinical signs. 
Blood glucose concentration should be monitored if 
any of these drugs is administered, and insulin dosage 
altered accordingly. 

Some drugs, including phenylbutazone, displace 
sulphonylureas from protein-binding sites and poten- 
tiate their hypoglycaemic effect. 


Perioperative Diabetic Management 


There are national guidelines in the UK for the peri- 
operative management of diabetes but advice regard- 
ing perioperative management of diabetes should 
be sought from the metabolic team; local guidelines 
should be followed where available. 

Type 2 non-insulin-dependent diabetics undergo- 
ing minor surgery and able to recommence oral intake 
immediately postoperatively do not require periopera- 
tive insulin therapy. These patients should be sched- 
uled early on the operating list. They should omit the 
usual morning hypoglycaemic agents. Blood glucose 
monitoring should continue throughout the fast- 
ing period. If hyperglycaemia occurs (blood glucose 
>12mmol L“’) or if there is any delay in recommen- 
cing normal diet and therapy, insulin treatment should 
be started. 

In type I diabetes, a combination of glucose and in- 
sulin is the most satisfactory method of overcoming 


the deleterious metabolic consequences of starvation 
and surgical stress in the diabetic patient. A no glu- 
cose/no insulin regimen results in ketosis and is not 
advocated. 

Minor procedures, e.g. cystoscopy or examination 
under anaesthesia, may be carried out at the start of an 
operating list by delaying the morning dose of insulin 
until a late breakfast is taken after recovery from an- 
aesthesia. Attention must be paid to avoiding postop- 
erative nausea and vomiting, with adequate hydration, 
limitation of opioids if possible and with prophylactic 
antiemetic administration. This may be facilitated by 
the use of regional anaesthesia with or without seda- 
tion, which allows the patient to resume normal oral 
intake earlier than is usually possible following general 
anaesthesia. 

Individual units have local protocols for the periop- 
erative management of diabetes. 

A variable rate insulin infusion should be instituted 
for patients with type 1 diabetes anticipating a longer 
fasting period. A solution of soluble insulin (1 unit 
mL"') is co-administered with 5% or 10% glucose 
(with appropriate potassium replacement), or a com- 
bined saline/dextrose solution. Hourly blood glucose 
monitoring is undertaken and the insulin infusion 
rate varied to maintain glucose levels between 6 and 
12 mmol L~. 

This regimen is also used for type 2 diabetic pa- 
tients who have poor diabetic control or where a 
prolonged fasting time is expected. The choice of in- 
travenous fluids should be made to match the patients 
fluid and electrolyte requirements in addition to sup- 
plying glucose. 

A variable rate insulin infusion should be contin- 
ued until the patient is able to eat and drink. A dose 
of subcutaneous insulin should be given with a meal 
and the insulin infusion stopped 30—60 minutes later. 
It should be noted that patients who normally receive 
oral hypoglycaemics may be very sensitive to insulin 
therapy. 

Blood transfusion may increase insulin require- 
ments as citrate stimulates gluconeogenesis. 


Emergency Surgery and Diabetic 
Ketoacidosis 


Diabetic ketoacidosis results from inadequate insu- 
lin dosage or increased insulin requirements, often 
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precipitated by infection, trauma or surgical stress. 
Diabetic patients who require emergency surgery 
often have a grossly increased blood glucose concen- 
tration and occasionally overt ketoacidosis. Such pa- 
tients require i.v. volume resuscitation, correction of 
sodium depletion, correction of potassium depletion 
and i.v. soluble insulin by infusion at an initial rate of 
4-8 unit h“, aiming to reduce glucose levels by ap- 
proximately 5 mmol L~! per hour. 

Initial fluid replacement should consist of isotonic 
(0.9%) saline: 1L in the first 30min, 1L in the next 
hour and an additional 1 L over the next 2h, guided by 
clinical reassessment, cardiovascular monitoring and 
local protocols. 

Progress is monitored by regular measurements of 
blood glucose, sodium and potassium concentrations, 
and arterial pH and blood gas tensions. Correction of 
acidosis with bicarbonate is very rarely, if ever, required. 
Cellular potassium depletion is present from the outset, 
but hyperkalaemia or normokalaemia may be found 
initially because potassium shifts out of the cells in the 
presence of acidosis. Potassium replacement is required 
as the plasma concentration begins to decrease with 
correction of the acidosis. Phosphate and magnesium 
are also usually required. An infusion of glucose 5% 
should be given, in conjunction with continued insu- 
lin therapy, when the blood glucose concentration de- 
creases to approximately 15 mmol L7'. When volume 
resuscitation is underway, and some reversal of acidosis 
and hyperglycaemia has been achieved, surgery may be 
carried out while management of the diabetes is con- 
tinued intra- and postoperatively. 


OTHER ENDOCRINE DISORDERS 


Pituitary Disease 

The clinical features of pituitary disease depend on the 
local effects of the lesion and its effects on the secretion 
of pituitary hormones. Local effects include headache 
and visual field disturbances. The effects on hormone 
secretion depend on the cells involved in the patho- 
logical process. 


Acromegaly. Acromegaly is caused by increased secre- 
tion of growth hormone from eosinophil cell tumours 
of the anterior pituitary gland. If this occurs before 
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fusion of the epiphyses, gigantism results. Problems 
for the anaesthetist include the following: 


m upper airway obstruction may result from an en- 
larged mandible, tongue and epiglottis, thickened 
pharyngeal mucosa and laryngeal narrowing. 
Maintenance of a clear airway and tracheal in- 
tubation may be difficult, and postoperative care 
of the airway must be meticulous. Consideration 
may be given to awake fibreoptic tracheal 
intubation. 

m cardiac enlargement, hypertension and conges- 
tive cardiac failure occur commonly and require 
preoperative treatment. 

= growth hormone increases blood sugar concen- 
tration. Hyperglycaemia should be controlled 
perioperatively. 

m thyroid and adrenal function may be impaired be- 
cause of decreased release of thyroid-stimulating 
hormone (TSH) and ACTH. Thyroxine and ste- 
roid replacement may be required. 


Treatment involves hypophysectomy which requires 
steroid cover preoperatively and steroid, thyroxine and 
possibly ADH replacement thereafter. 


Cushing’s Disease. Cushing’s disease results from ba- 
sophil adenomas, which secrete ACTH (see below). 


Hypopituitarism (Simmonds Disease). Causes in- 
clude chromophobe adenoma, tumours of surround- 
ing tissues, e.g. craniopharyngioma, skull fractures, 
infarction following postpartum haemorrhage and 
infection. Clinical features include loss of axillary and 
pubic hair, amenorrhoea, features of hypothyroidism 
and adrenal insufficiency, including hypotension, but 
with a striking pallor, in contrast to the pigmentation 
of Addisons disease (see p. 408). 

The fluid and electrolyte disturbances are not as 
marked as in primary adrenal failure as a result of in- 
tact aldosterone production, but may be unmasked 
by surgery, trauma or infection. Anaesthesia in these 
patients requires steroid cover (pp. 408-409), cautious 
administration of induction agent and volatile anaes- 
thetic agents, and careful cardiovascular monitoring. 


Diabetes Insipidus. This is caused by disease or dam- 
age affecting the hypothalamic posterior pituitary axis. 


INTERCURRENT DISEASE AND ANAESTHESIA 


Common causes are pituitary tumour, craniopharyn- 
gioma, basal skull fracture and infection, or it may oc- 
cur as a sequel to pituitary surgery. In 10% of cases, 
diabetes insipidus is renal in origin. 

Dehydration with hypernatraemia follows excre- 
tion of large volumes of dilute urine. Patients require 
fluid replacement and treatment with parenteral vaso- 
pressin, or desmopressin, which can be also be given 
orally or intranasally. 


Thyroid Disease 


Goitre. Thyroid swelling may result from iodine de- 
ficiency (simple goitre), autoimmune (Hashimoto’s) 
thyroiditis, adenoma, carcinoma or thyrotoxicosis. 
Nodules of the thyroid gland may be ‘hot’ (secreting 
thyroxine) or ‘cold’. 

The goitre may occasionally cause respiratory ob- 
struction. Retrosternal goitre may also cause superior 
vena caval obstruction. The presence of a goitre should 
alert the anaesthetist to the possibility of tracheal com- 
pression or displacement. A preoperative X-ray of neck 
and thoracic inlet may be useful, and a selection of small- 
diameter, armoured tracheal tubes should be available. 
Preoperative assessment of thyroid function is essential. 


Thyrotoxicosis. This is characterized by excitability, 
tremor, tachycardia and arrhythmias (commonly atrial 
fibrillation), weight loss, heat intolerance and exoph- 
thalmos. Diagnosis is confirmed by measurement of 
total serum thyroxine, tri-iodothyronine (T,) and TSH 
concentrations. 

Elective surgery should not be carried out in hyper- 
thyroid patients; they should first be rendered euthy- 
roid with carbimazole or radioactive iodine. However, 
urgent surgery and elective subtotal thyroidectomy 
may be carried out safely in hyperthyroid patients us- 
ing B-adrenergic blockade alone or in combination 
with potassium iodide to control thyrotoxic symptoms 
and signs. Emergency surgery carries a significant risk 
of thyrotoxic crisis. Control is best achieved in these 
circumstances by i.v. potassium iodide and a nonselec- 
tive B-blocker (e.g. propranolol). If patients are unable 
to absorb oral medication, i.v. infusion is indicated 
(for propranolol, the daily i-v. dose is approximately 
one-tenth of the oral dose). 

The doses of sedative drugs for premedication, 
and of anaesthetic agents, should be increased to 


compensate for faster distribution and elimination. 
Larger doses of sedative drugs than normal are re- 
quired to avoid anxiety when procedures are carried 
out under regional anaesthesia. 


Preparation for Thyroidectomy 


Conventional management involves at least 6-8 weeks 
administration of carbimazole to render the pa- 
tient euthyroid, followed by potassium iodide 60mg 
8-hourly for 10 days to decrease the vascularity of 
the gland. However, if a hyperthyroid patient is pre- 
sented for urgent surgery, a B-blocker can be used. 
Propranolol 160 mg daily for 2 weeks preoperatively 
and a further 7-10 days postoperatively provides 
adequate control in most patients. However, control 
with B-blockers depends on maintaining an adequate 
plasma concentration of the drug. Because B-blockers, 
in common with other drugs, are cleared more rap- 
idly than normal in thyrotoxic patients, propranolol 
should be prescribed more frequently than usual, e.g. 
four times daily. Alternatively, a long-acting B-blocker, 
e.g. atenolol once daily, continued on the morning of 
surgery, provides satisfactory control and avoids the 
problem of impaired drug absorption immediately af- 
ter operation. A combination of -blocker and potas- 
sium iodide 60 mg 8-hourly provides control in even 
the most severely thyrotoxic patient. Postoperatively, 
laryngoscopy should be carried out to check vocal 
cord function, and to exclude recurrent laryngeal 
nerve injury. 


Hypothyroidism. This may result from primary thy- 
roid failure, Hashimoto’s thyroiditis, as a consequence 
of thyroid surgery, or secondary to pituitary failure. 
The diagnosis is suggested by tiredness, cold intoler- 
ance, loss of appetite, dry skin and hair loss. It may 
be confirmed by the finding of a low serum thyroxine 
concentration associated, in primary thyroid failure, 
with a raised serum TSH concentration. 

Basal metabolic rate is decreased. Cardiac output 
is decreased, with little myocardial reserve, and hy- 
pothermia may be present. Treatment is with thy- 
roxine, which should be started in a small dose of 
25-50 pg daily. Rapid correction of hypothyroidism 
may be achieved using i.v. T,, but this is inadvisable 
in elderly patients and those with ischaemic heart 
disease, which is common in hypothyroidism, as 
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the sudden increase in myocardial oxygen demand 
may provoke ischaemia or infarction. ECG monitor- 
ing is advisable during treatment. Elective surgery 
should be avoided in myxoedematous patients, but 
if emergency surgery is necessary, close cardiovas- 
cular, ECG and blood gas monitoring is essential. 
Drug distribution and metabolism are slowed, and 
thus all anaesthetic agents must be administered in 
reduced doses. 


Disease of the Adrenal Cortex 


Clinical symptoms are associated with increased or de- 
creased secretion of cortisol or aldosterone. 


Hypersecretion of Cortisol (Cushing’s Syndrome). 
Most instances are caused by pituitary adenomas 
which secrete ACTH and thus cause bilateral adreno- 
cortical hyperplasia (Cushings disease). In 20-30% 
of patients, an adrenocortical adenoma or carcinoma 
is present. Rarely, an oat-cell carcinoma of bronchus, 
secreting ACTH, is the cause. ACTH and corticoste- 
roid therapy present similar pictures. Clinical features 
include obesity, hypertension, proximal myopathy 
and diabetes mellitus. Biochemically, there is a meta- 
bolic alkalosis with hypokalaemia. Depending on the 
cause, treatment may involve hypophysectomy or 
adrenalectomy. 

Anaesthetic management of these patients in- 
volves preoperative treatment of hypertension and 
congestive cardiac failure, and correction of hypo- 
kalaemia. Intraoperative management is directed 
towards careful monitoring of arterial pressure and 
maintenance of cardiovascular stability, with care- 
ful choice and administration of anaesthetic agents 
and muscle relaxants. Etomidate and atracurium or 
rocuronium would be an appropriate choice of in- 
duction agent and neuromuscular blocker, respec- 
tively. Postoperative steroid therapy is required for 
hypophysectomy and adrenalectomy (see below). 
Fludrocortisone 0.1—0.3 mg daily is required after bi- 
lateral adrenalectomy. 


Primary Hypersecretion of Aldosterone (Conn’s 
Syndrome). Conn’s syndrome is caused by an ad- 
enoma of the zona glomerulosa of the adrenal cor- 
tex and presents with hypertension, hypernatraemia, 
hypokalaemia and oliguria. Anaesthetic management 
involves preoperative treatment of hypertension, 
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administration of spironolactone and potassium re- 
placement; meticulous intra- and postoperative moni- 
toring of arterial pressure is essential. 


Adrenocortical Hypofunction. Primary adrenocorti- 
cal insufficiency (Addison’s disease) may be caused by 
an autoimmune process, tuberculosis, HIV infection, 
amyloid, metastatic carcinoma, or bilateral adrenalec- 
tomy. Haemorrhage into the glands during meningo- 
coccal septicaemia may cause acute adrenal failure in 
association with septic shock. Secondary failure results 
from hypopituitarism or prolonged corticosteroid 
therapy. In secondary failure resulting from pituitary 
insufficiency, aldosterone secretion is maintained, and 
fluid and electrolyte disturbances are less marked. 

Clinical features include weakness, weight loss, hy- 
perpigmentation, hypotension, vomiting, diarrhoea 
and volume depletion. Hypoglycaemia, hyponatrae- 
mia, hyperkalaemia and metabolic acidosis are char- 
acteristic but late biochemical findings. The stress of 
infection, trauma or surgery provokes profound hypo- 
tension. Diagnosis is made by measurement of plasma 
cortisol concentration and the response to ACTH 
stimulation. 

All surgical procedures in these patients must be 
covered by increased steroid administration (see be- 
low). Patients with acute adrenal insufficiency require 
urgent fluid and sodium replacement with arterial 
pressure and CVP monitoring, glucose infusion to 
combat hypoglycaemia and hydrocortisone 100mg 
6-hourly i.v. They should be cared for in a high de- 
pendency or critical care area. Antibiotics are advisable 
to cover the possibility that infection has provoked the 
crisis. In cases of primary adrenal failure, mineralo- 
corticoid replacement with fludrocortisone is required. 
If emergency surgery is required in acute adrenal fail- 
ure, all precautions necessary for anaesthetizing the 
shocked patient should be taken (see Ch 37). 


Congenital Adrenal Hyperplasia (Adrenogenital 
Syndrome). This is associated with overproduction 
of androgens as a result of deficiency of the hydrox- 
ylase enzyme required for production of cortisol. 
Hydrocortisone treatment overcomes adrenal insuf- 
ficiency and, by suppressing ACTH production, de- 
creases androgen accumulation. Augmented steroid 
cover is required for surgery in these patients. 


INTERCURRENT DISEASE AND ANAESTHESIA 


Steroid Therapy 


Replacement therapy in cases of primary adrenocortical 
failure and hypopituitarism is given as oral hydrocorti- 
sone 20 mg in the morning and 10mg in the evening. 
Fludrocortisone 0.05—0.1 mg daily is given additionally 
to replace aldosterone in primary adrenocortical fail- 
ure. Equivalent doses of other steroid preparations are 
shown in Table 18.5. Prednisolone and prednisone have 
less mineralocorticoid effect, while betamethasone and 
dexamethasone have none. Requirements increase fol- 
lowing infection, trauma or surgery. 

Corticosteroids are also prescribed for a wide range 
of medical conditions, including asthma and collagen 
diseases. Prolonged therapy suppresses adrenocortical 
function. 


Steroid Cover for Anaesthesia and Surgery 


Indications for augmented perioperative steroid cover 
and the dosage required are the subject of ongoing de- 
bate. Suggested indications: 


m patients with pituitary adrenal insufficiency, re- 
ceiving steroid replacement therapy 

m patients undergoing pituitary or adrenal surgery 

m patients receiving systemic steroid therapy for 
more than 2 weeks before surgery 

™ patients no longer receiving systemic steroid 
therapy, but who received steroids within the 
three months before surgery. 


Topical fluorinated steroid preparations applied 
widely to the skin and high-dose inhaled steroids may 
be absorbed sufficiently to produce adrenal suppres- 
sion. An ACTH stimulation (short Synacthen) test can 
be carried out to assess adrenal function. Preoperative 
assessment should identify fluid and electrolyte abnor- 
malities, which should be corrected. Evidence of infec- 
tion should be sought in patients receiving long-term 
steroid therapy. 

The following corticosteroid cover is recommended 
for patients taking more than 10mg prednisolone daily 
(or equivalent) within 3 months of operation. In all cases 
the usual morning dose of steroid should also be given: 


m minor diagnostic procedures — usual morning 
dose of steroid OR i.v. hydrocortisone 25-50 mg 
at induction; recommence patient’s usual dose 
after surgery 


m intermediate operations, e.g. inguinal hernior- 
rhaphy — usual morning dose of steroid AND 
i.v. hydrocortisone 25-50 mg at induction, then 
25-50 mg 8-hourly for 24h 

m major surgery — usual morning dose of steroid 
AND i.v. hydrocortisone 25-50 mg at induction, 
then 8-hourly for 48-72 h. 


The requirements may need to be increased if infec- 
tion is present, or be continued beyond 3 days if infec- 
tion or the effects of major trauma persist. Oral steroid 
preparations should be resumed as soon as oral intake 
allows and i.v. supplementation stopped. 

If steroids are prescribed for asthma or other medi- 
cal conditions, the perioperative dosage may require 
modification according to the activity of the disease. 


Disease of the Adrenal Medulla 


Phaeochromocytoma. This is discussed in Chapter 31. 


NEUROLOGICAL DISEASE 


General Considerations 


Neurological disease embraces a wide range of differ- 
ing conditions, the effects of which may influence the 
conduct of perioperative care in a number of ways: 


= a depressed level of consciousness may prejudice 
airway protection and result in depressed respi- 
ratory drive 

m peripheral neuromuscular disease may lead to 
impaired ventilatory function and reduced abil- 
ity to clear secretions 

m autonomic dysfunction may result in blood pres- 
sure instability, cardiac arrhythmias and dys- 
function of gastrointestinal motility 

m there may also be significant adverse effects from 
specific drug treatment, and there are several 
important drug interactions which need to be 
recognized. 


Assessment 


In addition to standard history and examination, a de- 
tailed drug history should be obtained. Many patients 
with neurological disease should have their medication 
continued up to the time of surgery and reinstated as 
soon as possible thereafter, e.g. epilepsy, Parkinsonism, 
myasthenia gravis. Respiratory function should be 
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assessed by the use of pulmonary function tests in- 
cluding vital capacity and measurement of arterial 
blood gas tensions. Erect and supine arterial pressure 
should be measured when appropriate and a 12-lead 
ECG performed to assess QT interval and possible 
heart block. 


Respiratory Impairment 


Inadequate ventilatory function may result from: 


m reduced central drive, e.g. because of an impaired 
conscious level 

m motor neuropathy, e.g. Guillain-Barré syndrome, 
motor neurone disease 

m neuromuscular dysfunction, e.g. myasthenia gravis 

= muscle weakness, e.g. muscular dystrophies 

m rigidity, e.g. Parkinson’s disease. 


These patients are sensitive to anaesthetic agents, 
opioids and neuromuscular blockers. If intraoperative 
artificial ventilation is undertaken, a period of elec- 
tive postoperative ventilation may be needed until full 
recovery from the effects of anaesthesia has occurred. 
If appropriate, procedures may be carried out under a 
regional anaesthetic technique. 

Bulbar muscle involvement may lead to inadequate 
protection of the airway such that regurgitation and 
aspiration can occur. Chest infection should be effec- 
tively treated preoperatively, and in the elective situa- 
tion this may necessitate postponing surgery. 


Altered Innervation of Muscle and Hyperkalaemia 


Succinylcholine my cause life-threatening hyperkalae- 
mia in some neurological conditions. An altered ra- 
tio of intracellular to extracellular potassium tends to 
produce sensitivity to nondepolarizing, and resistance 
to depolarizing, muscle relaxants. Consideration 
should be given to the use of short-acting anaesthetic 
agents such as propofol, sevoflurane and remifentanil. 
If there is widespread denervation of muscle with 
lower motor neurone damage, e.g. in Guillain—Barré 
syndrome, disorganization of the motor end-plate 
occurs, resulting in hypersensitivity to acetylcholine 
and succinylcholine, with increased permeability of 
muscle cells to potassium. A similar potassium ef- 
flux occurs in the presence of direct muscle damage, 
widespread burns involving muscle, upper motor 
neurone lesions, spinal cord lesions with paraplegia, 
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and tetanus. In upper motor neurone and spinal cord 
lesions, the reason for this shift is less clear. Patients 
undergoing mechanical ventilation in the ICU who 
are suffering from sepsis and multiple organ failure 
may develop a critical illness polyneuropathy, with a 
similar hyperkalaemic response to succinylcholine. 

The resulting increase in serum potassium concen- 
tration after succinylcholine may be 3mmol L™ (in 
comparison with 0.5 mmol L~ in the normal patient) 
and may occur from 24h after acute muscle denerva- 
tion or damage. In such patients, succinylcholine is 
clearly contraindicated. 


Autonomic Disturbances 


These may occur as part of a polyneuropathy e.g. diabe- 
tes mellitus, Guillain-Barré syndrome and porphyria, 
or from central nervous system involvement, e.g. in 
Parkinsonism. Sympathetic stimulation, e.g. during 
light anaesthesia, tracheal intubation or following 
administration of pancuronium or catecholamines, 
may produce severe hypertension and arrhythmias. 
More commonly, blood loss, head-up posture, IPPV 
or neuraxial regional blocks may be associated with se- 
vere hypotension. Cardiac arrhythmias may also occur. 


Conscious Level 


Patients with pre-existing marked reduction in con- 
scious level for whatever reason require tracheal intu- 
bation and artificial ventilation of the lungs for airway 
protection and control of carbon dioxide and oxygen 
partial pressures. 


Increased Intracranial Pressure 


Elective surgery should be postponed if raised intra- 
cranial pressure is suspected, until investigation by CT 
scan and treatment have been undertaken. Anaesthetic 
agents which cause an increase in cerebral blood flow 
must be avoided. Hypercapnia must also be avoided, 
and controlled ventilation to a PaCO, of approxi- 
mately 4kPa (30 mmHg) is indicated. This is discussed 
fully in Chapter 32. 


Medicolegal 


Perioperative alteration in neurological deficit may 
be attributed to anaesthesia. This may render sub- 
arachnoid or epidural anaesthesia inadvisable in some 
patients. 


INTERCURRENT DISEASE AND ANAESTHESIA 


Epilepsy 

Epilepsy may be associated with birth injury, hypo- 
glycaemia, hypocalcaemia, drug overdose or with- 
drawal, fever, head injury, cerebrovascular disease 
and cerebral tumour, the most likely cause depending 
on the age of onset. In most patients with epilepsy, no 
identifiable cause is found. Epilepsy developing after 
the age of 20 years usually indicates organic brain 
disease. 


Anaesthesia 


Patients should receive maintenance anticonvulsant 
therapy throughout the perioperative period. Some an- 
aesthetic agents, e.g. enflurane, have cerebral excitatory 
effects and should be avoided. Sevoflurane and isoflu- 
rane do not cause cerebral excitation. Convulsions and 
abnormalities of muscle posture have been reported 
after operation in patients who have received propo- 
fol and it is currently recommended that this drug 
should not be used in patients known to have epilepsy. 
Interestingly, it is an effective anticonvulsant agent in 
some patients with status epilepticus. Thiopental is a 
potent anticonvulsant and is the i.v. induction agent of 
choice, while isoflurane is currently the volatile agent 
of choice. Local anaesthetic agents may cause convul- 
sions at lower than normal concentrations and the 
safe maximum dose should be reduced. The anticon- 
vulsants phenobarbital and phenytoin induce hepatic 
enzymes and accelerate elimination of drugs metabo- 
lized by the liver. 

In cases of late-onset epilepsy, where increased intra- 
cranial pressure may be present as a result of tumour, 
controlled ventilation is advisable to avoid any further 
increase in intracranial pressure. 


Status Epilepticus 


Management is aimed at cessation of the fits while 
maintaining tissue oxygenation. Initial treatment 
should be Diazemuls, titrated intravenously in a dose 
of up to 10-20 mg or until fitting ceases. An alterna- 
tive is lorazepam 2—4mg i.v. slowly. A loading dose 
of phenytoin 10-15 mg kg"! should be administered 
iv. under ECG monitoring over 30-60 min. High- 
concentration oxygen should be administered, and 
a clear airway maintained throughout. If the con- 
vulsions persist or conscious level diminishes to the 


extent of compromising the airway and ventilation, 
the patient should be anaesthetized, the trachea intu- 
bated and mechanical ventilation commenced. While 
propofol has been associated with convulsive episodes 
when used for standard general anaesthesia, it is also 
highly effective in the treatment of status epilepticus 
and indeed may be the anaesthetic agent of choice in 
this condition. Propofol may be used in seizures re- 
fractory to benzodiazepines and phenytoin, both as 
the anaesthetic induction agent and as maintenance 
by infusion. 

The conventional anaesthetic induction agent used 
is thiopental. Thereafter, an infusion of propofol may 
be used to control the fits. This has the advantage over 
thiopental of being short acting, allowing the patient’s 
conscious level to be assessed more readily. 

With status epilepticus, patients undergoing me- 
chanical ventilation should not be paralysed, but if 
they are, a cerebral function monitor/electroencepha- 
logram monitor must be used so that continued fitting 
is noted and treated. 


Parkinson’s Disease 


The clinical signs of resting tremor, muscle rigidity 
and bradykinesia characterize Parkinson’s disease. 
This illness affects around 3% of individuals over 
66 years of age. It is caused by cell death in areas of 
the basal ganglia, with loss of dopaminergic neurones. 
Similar symptoms and signs occur with loss of dopa- 
minergic function secondary to drugs such as anti- 
psychotic agents and following encephalitis in some 
patients. 

Patients commonly present for urological, ophthal- 
mic or orthopaedic surgery. There are various consid- 
erations for the anaesthetist. 

Respiratory. The airway may be difficult because 
of fixed flexion of the neck. Upper airway muscle dys- 
function may lead to aspiration. Excessive salivation 
may necessitate administration of a preoperative anti- 
sialagogue. An obstructive ventilatory pattern is pres- 
ent in around 35% of patients and muscle rigidity and 
tremor may also impair ventilation. 

Cardiovascular. Postural hypotension may be pres- 
ent and there is an increased risk of cardiac arrhyth- 
mias. Autonomic failure may cause or exacerbate these 
problems. 

Gastrointestinal. There is an increased risk of reflux. 
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Medications. These may have cardiovascular side- 
effects and there are several potential interactions 
with anaesthetic agents, analgesics and neuromuscular 
blocking drugs. These are detailed in Table 18.7. 


Anaesthetic Management 


Preoperatively. Medication should be continued up 
to the time of surgery and reinstated as soon as pos- 
sible thereafter. Regional techniques offer several ad- 
vantages such as the avoidance of opioid drugs and 
less effect on respiratory function. 

General anaesthesia. A technique which avoids 
pulmonary aspiration should be used when ap- 
propriate. Isoflurane and sevoflurane are the in- 
halational agents of choice although hypotension 


TABLE 18.7 


Potential Drug Interactions in Patients 
with Parkinson’s Disease 


Drug Comments 
Induction Agents 
Propofol Avoid for stereotactic 


procedures (dyskinetic, 
may abolish tremor) 


Etomidate Probably safe 
Thiopental Probably safe 
Analgesics 

Fentanyl Possible muscle rigidity 
Morphine Possible muscle rigidity 
Volatile Agents 

Isoflurane Probably safe 
Sevoflurane Probably safe 


Neuromuscular Blocking Agents 
Succinylcholine Possible hyperkalaemia 


Nondepolarizing agents Probably safe 


Antiemetics 


Metoclopramide Precipitates or exacerbates 


Parkinsonism 


Reproduced from Nicholson et al 2002 Parkinson’s disease and 
anaesthesia. British Journal of Anaesthesia 89(6):904-916. Copyright 
The Board of Management and Trustees of the British Journal of 
Anaesthesia. Reproduced by permission of Oxford University Press/ 
British Journal of Anaesthesia. 
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may be a problem, particularly in the presence of 
autonomic neuropathy and when bromocriptine or 
selegiline have been administered. In the patient re- 
quiring general anaesthesia, nasogastric L-dopa can 
be administered during prolonged operations. If the 
enteral route is not possible, parenteral apomor- 
phine can be used. This should be preceded by ad- 
ministration of domperidone for 72 h. Parkinsonian 
patients have an increased risk of postoperative con- 
fusion and hallucinations and may exhibit abnormal 
neurological signs such as decerebrate posturing, 
upgoing plantars and hyperreflexia following gen- 
eral anaesthesia. 

Drugs. Phenothiazines, haloperidol and metoclo- 
pramide are contraindicated. Opioids must be used 
with caution but paracetamol and NSAIDs can be used 
as normal. 


Multiple Sclerosis 


Deterioration of symptoms tends to occur after sur- 
gery, but no specific anaesthetic technique has been 
implicated. It may be advisable to avoid epidural and 
subarachnoid anaesthesia, but only for medicolegal 
reasons, as there is no evidence that these techniques 
affect the disease adversely. They may be used if indi- 
cated strongly, e.g. in obstetrics, provided that a full 
explanation has been given to the patient. 

If a large motor deficit is present, there may be in- 
creased potassium release from muscle following admin- 
istration of succinylcholine, which should be avoided. 


Peripheral Neuropathies 


These may exhibit axonal ‘dying back degeneration or 
segmental demyelination. They are classified by ana- 
tomical distribution, the commonest being a symmet- 
rical peripheral polyneuropathy. 

Motor, sensory and autonomic fibres are involved. 
Causes include: 


metabolic disorders (diabetes, porphyria) 
nutritional deficiency 

toxicity (heavy metals, drugs) 

collagen disease 

carcinoma 

infection 

inflammation 

critical illness polyneuropathy. 
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Problems for the anaesthetist include the effects of 
autonomic neuropathy, respiratory impairment and 
bulbar involvement. 


Acute Demyelinating Polyneuropathy 
(Guillain-Barré Syndrome) 


This autoimmune polyneuropathy appears some 
days after a respiratory or gastrointestinal infection. 
Progression is variable, ranging from nearly total pa- 
ralysis in 24h to development over several weeks. 
Respiratory and bulbar muscles may be affected and, if 
so, tracheal intubation and IPPV are necessary. Several 
techniques may be used for induction of anaesthesia and 
tracheal intubation. We recommend either the combi- 
nation of an i.v. induction agent with rocuronium or the 
combination of propofol and alfentanil. The patient’s 
general state, particularly the presence of cardiovas- 
cular instability, dictates which agents should be used. 
Autonomic neuropathy may result in hypotension after 
commencing IPPV. This may be minimized by adequate 
fluid preloading and gradual increases in minute vol- 
ume. Succinylcholine should be avoided. There is evi- 
dence that either high-dose immunoglobulin therapy or 
plasmapheresis beneficially modifies the course of the 
disease, although mortality is not affected. Severe pain 
in a girdle distribution and peripheral neuropathic pain 
are particular problems in many patients and require a 
multimodal approach to analgesia. 


Motor Neurone Disease (Progressive 
Muscular Atrophy, Amyotrophic Lateral 
Sclerosis, Progressive Bulbar Palsy) 


Motor neurone disease is characterized by slow- 
onset and progressive deterioration in motor func- 
tion. Several patterns of motor loss occur, with both 
upper and lower motor neurone loss. Problems for 
the anaesthetist include sensitivity to all anaesthetic 
agents and muscle relaxants, respiratory inadequacy 
and laryngeal incompetence. Regional techniques 
may be useful. Long-term IPPV should generally be 
avoided, but non-invasive ventilation has a definite 
role in palliation of dyspnoea. 


Hereditary Ataxias 


Friedreich’s ataxia is the most common of these. 
Spinocerebellar, corticospinal and posterior columns 
are involved, and the course of the disease is slowly 


progressive. Problems for the anaesthetist include sco- 
liosis, respiratory failure and cardiomyopathy with 
cardiac failure and arrhythmias. 


Spinal Cord Lesions with Paraplegia 


Release of potassium from muscle cells by succinylcho- 
line precludes its use within 6-12 months of cord in- 
jury. Assessment of ventilatory function is important, 
as impaired cough and poor inspiration may indicate a 
need for postoperative controlled ventilation. 

In cervical spine lesions, patients are dependent on 
the diaphragm for breathing. In the acute situation, 
the loss of intercostal muscle function, to which pa- 
tients may take some time to adjust, coupled with gen- 
eral anaesthesia, may lead to postoperative respiratory 
failure necessitating controlled ventilation. 

Regional anaesthetic techniques may be useful in 
these patients, reducing the autonomic reflexes stimu- 
lated by surgery and avoiding compromise of ventila- 
tory function. 


Huntington’s Chorea 


It has been reported that thiopental may cause pro- 
longed apnoea, and decreased serum cholinesterase 
activity may prolong the action of succinylcholine. 


Myasthenia Gravis 


This disease usually presents in young adults and is 
characterized by episodes of increased muscle fatigue 
caused by decreased numbers of acetylcholine recep- 
tors at the neuromuscular junction. Treatment com- 
prises an anticholinesterase (pyridostigmine 60mg 
6-hourly or neostigmine 15mg 6-hourly) with a va- 
golytic agent (atropine or propantheline) to block the 
muscarinic side-effects. Steroid therapy is useful in 
some cases and thymectomy may benefit many pa- 
tients considerably. 

The principal problems concern adequacy of ven- 
tilation, ability to cough and clear secretions, and the 
increased secretions resulting from anticholinester- 
ase therapy. If there is evidence of respiratory infec- 
tion, surgery should be postponed. Serum potassium 
concentration should be kept within the normal 
range because hypokalaemia potentiates myasthenia. 
Local and regional anaesthesia, including subarach- 
noid or epidural block, may be suitable alternatives 
to general anaesthesia, although the maximum dose 
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of local anaesthetic agents should be reduced be- 
cause of their neuromuscular blocking action. The 
minimum possible dose of induction agent should 
be used and neuromuscular blockers should be 
avoided if possible. For major procedures requir- 
ing relaxation, the anticholinesterase may be omit- 
ted for 4h preoperatively, and a small dose of muscle 
relaxant may be given if necessary. Atracurium is 
the relaxant of choice because of its short duration 
of action, and should be administered in a reduced 
dose. Succinylcholine has a variable effect in myas- 
thenia and is best avoided. 

After major surgery, the patient’s lungs should be 
ventilated electively, usually for a few hours, but in 
some cases for significantly longer. Frequent chest 
physiotherapy and tracheal suction are required. 
Steroid cover is given if appropriate. If extreme mus- 
cle weakness occurs, i.v. neostigmine 1-2 mg and at- 
ropine 0.6—1.2 mg may be given. Care must be taken 
to titrate the doses of anticholinesterase, or a cholin- 
ergic crisis may occur, characterized by a depolarizing 
neuromuscular block, with sweating, salivation and 
pupillary constriction. An infusion of neostigmine is 
required if resumption of oral intake is delayed after 
surgery; 0.5 mg i.v. is equivalent to 15 mg neostigmine 
or 60 mg pyridostigmine orally, and should be com- 
bined with an anticholinergic agent. Edrophonium 
may be used to test the end-plate response to 
acetylcholine. 

A myasthenic state may also be associated with 
carcinoma, thyrotoxicosis, Cushing’s syndrome, hypo- 
kalaemia and hypocalcaemia. In these patients, non- 
depolarizing relaxants should be avoided or used in 
reduced dosage. 


Familial Periodic Paralysis 


This is also associated with prolonged paralysis after 
administration of nondepolarizing muscle relaxants. 


Progressive Muscular Dystrophy 


Several types of muscular dystrophy exist, of varying 
patterns of heredity and described according to their 
anatomical distribution. Muscle weakness occurs and 
must be distinguished from myasthenia and lower 
motor neurone disease. The anaesthetic complications 
comprise sensitivity to muscle relaxants, opioids and 
other sedative and anaesthetic drugs, and liability to 
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respiratory infection. Myocardial involvement may 
occur. These patients may be treated long-term with 
domiciliary ventilation. 


Dystrophia Myotonica 


This is a disease of autosomal dominant inheritance 
characterized by muscle weakness and muscle con- 
traction persisting after the termination of voluntary 
effort. Other features may include frontal baldness, 
cataract, sternomastoid wasting, gonadal atrophy and 
thyroid adenoma. Problems which affect anaesthetic 
management include the following: 


= Respiratory muscle weakness. Respiratory func- 
tion should be assessed fully before operation. 
Respiratory depressant drugs, e.g. thiopental or 
opioids, should be used with care; there is sen- 
sitivity also to nondepolarizing neuromuscular 
blockers. Planned IPPV may be required after 
surgery. Postoperative care of the airway must be 
meticulous. Chest infections are common. 

m Cardiovascular effects. There may be a cardio- 
myopathy and conduction defects, including 
complete heart block. Patients may have a car- 
diac pacemaker in situ. Arrhythmias are com- 
mon, particularly during anaesthesia, and may 
result in cardiac failure. Careful monitoring is 
essential. 

= Muscle spasm. This may be provoked by admin- 
istration of depolarizing neuromuscular blockers 
or anticholinesterases; succinylcholine and neo- 
stigmine should thus be avoided. The spasm is 
not abolished by nondepolarizing relaxants. 

m Gastrointestinal. Oesophageal dysmotility may 
predispose to regurgitation and aspiration. 


PSYCHIATRIC DISEASE 


There are several considerations in the anaesthetic 
management of patients with psychiatric disease. 


m Psychiatric patients are frequently depressed, with 
little understanding of, or interest in, anaesthesia. 

m Patients are receiving a variety of medications 
with potential for serious drug interactions with 
anaesthetic agents. 

m Patients may have associated pathology as a re- 
sult of drug and/or alcohol abuse. 
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m Repeated anaesthetics are required for electro- 
convulsive therapy. 


Electroconvulsive Therapy 


Electroconvulsive therapy (ECT) involves application 
of an electrical stimulus to the patient’s head with the 
intention of inducing seizure activity. It is a success- 
ful treatment for severe depression and some other 
psychiatric conditions. Anaesthesia is given to render 
the procedure safe and acceptable. However, it is im- 
portant that seizure induction and duration are not 
compromised by the anaesthetic agents so that ECT is 
ineffective. 

Seizure activity dramatically increases cerebral oxy- 
gen consumption, associated with an increase in intra- 
cranial pressure. Autonomic activation, with an initial 
parasympathetic followed by sympathetic stimulation, 
occurs. This results in an initial bradycardia followed 
by tachycardia and hypertension. Myocardial isch- 
aemia may result in susceptible individuals. 


Anaesthesia 


Preoperative assessment 

m Cardiorespiratory function must be assessed in 
the light of the autonomic effects described. 

m Previous anaesthetic records — common in this 
group of patients. 

= Antidepressants with anticholinergic effects slow 
gastric emptying so that an adequate fasting time 
(8 h) is important. However, patient reports of 
fasting time may be unreliable. 


Anaesthetic Management 

m Premedication is not usually given because it 
may influence seizure activity and prolong recov- 
ery time unnecessarily. 

= Anaesthesia is induced usually with either etomi- 
date or propofol. The use of propofol is uncertain 
because, although it provides suitable anaesthe- 
sia, it may impair seizure activity. 

= A short-acting muscle relaxant is used to prevent 
trauma caused by seizure activity, and succinyl- 
choline is the most frequently used agent. 

= Hyperventilation by bag and mask before seizure 
induction lowers the seizure threshold and pro- 
longs duration, whilst ventilation continued in 
the post-ictal phase avoids desaturation. 


ECT is frequently undertaken in isolated units. 
However, the availability of monitoring, anaesthetic 
assistance and recovery facilities should be of an 
equivalent standard to those required for surgical 
patients. 


Drug Interactions 


In general, it is usually more likely that a patient may 
be harmed by discontinuing long-term medications 
than by continuing them with the risk of drug-related 
complications, provided that potential complications 
are recognized and the anaesthetic technique is tai- 
lored to avoid detrimental interactions. Traditionally, 
it has been recommended that monoamine oxidase in- 
hibitors (MAOIs) are discontinued 2 weeks before sur- 
gery. However, it is recognized that, because this group 
of drugs is reserved for patients who have failed on 
other therapy or have particularly severe symptoms, 
it may be preferable to continue treatment. Stopping 
MAOIs early is not an option in the emergency situ- 
ation. There is also a risk of precipitating unpleasant 
withdrawal symptoms if antidepressants are discon- 
tinued acutely. 


Tricyclic Antidepressants. Tricyclic antidepressants, 
e.g. amitriptyline and dothiepin, inhibit reuptake of 
noradrenaline into the presynaptic nerve terminals. 
These drugs have the following side-effects: 


m anticholinergic — dry mouth, constipation, de- 
layed gastric emptying, urinary retention 

m arrhythmias and heart block, postural hypoten- 
sion, which may occur during anaesthesia 

m sedation 

m the hypertensive response to direct-acting sym- 
pathomimetics is increased 

m increased risk of CNS toxicity with tramadol. 


Monoamine Oxidase Inhibitors 

m MAOIs, e.g. phenelzine and tranylcypromine, 
inhibit intraneuronal metabolism of sympatho- 
mimetic amines. 

m Tyramine (noradrenaline precursor) precipitates 
hypertensive crises (“cheese reaction’). 

m They inhibit metabolism of indirect-acting sym- 
pathomimetic amines, e.g. ephedrine, resulting 
in severe hypertension if these drugs are given 
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concurrently. There may also be an exaggerated 
sympathomimetic response if directly acting 
sympathomimetics are given concurrently. 

m CNS excitation occurs with pethidine, mani- 
fest as agitation, hypertension, convulsions and 
hyperthermia. Other opioids appear to be safe 
although excessive sedation has been described. 
Note the antibacterial agent Linezolid is a revers- 
ible nonselective MAO inhibitor. 


Selective Serotonin Reuptake Inhibitors. These selec- 
tively inhibit serotonin reuptake, e.g. fluoxetine, ser- 
traline. They have fewer cardiac and anticholinergic 
effects than tricyclic antidepressants and may cause 
CNS toxicity in conjunction with tramadol. 


Phenothiazines. This is a broad group of drugs and their 
therapeutic actions and side-effects vary considerably, 
e.g. chlorpromazine, thioridazine, prochlorperazine: 


m antipsychotic, antiemetic 

m sedation, extrapyramidal effects, antimuscarinic 
effects, antihistamine, «-adrenoceptor blockade, 
inhibition of normal temperature regulation 

= drug interactions are generally related to en- 
hanced effects such as excess sedation, hypoten- 
sion and anticholinergic actions. 


Lithium. Lithium inhibits release and increases reup- 
take of noradrenaline: 


= lithium is used to treat manic states 

m lithium acts as a sodium ion, and may potentiate 
muscle relaxants 

m it is renally excreted, and toxicity is enhanced 
by hyponatraemia because lithium is conserved 
along with sodium 

m its toxic effects include tremor, ataxia, nystag- 
mus, renal impairment and convulsions 

m it is recommended that lithium is discontinued 
24h before major surgery if possible. 


CONNECTIVE TISSUE DISORDERS 


These are multisystem diseases which can therefore 
present with a variety of problems relevant to anaes- 
thesia and surgery and which show a wide degree of 
overlap, well illustrated by rheumatoid arthritis. 
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Rheumatoid Arthritis 


Rheumatoid arthritis is by far the most common con- 
nective tissue disorder; it is a multisystem disease, with 
several implications for anaesthesia which must be 
considered at the time of preoperative assessment. 


Airway Problems 


The arthritic process may involve the temporoman- 
dibular joints, rendering laryngoscopy and intubation 
difficult. The cervical spine may be fixed or subluxed, 
and thus unstable, especially when the patient is anaes- 
thetized and paralysed. Cricoarytenoid involvement 
should be suspected if hoarseness or stridor is present. 


Respiratory Function 


Costochondral involvement causes a restrictive defect 
with reduced vital capacity. Pulmonary involvement 
with interstitial fibrosis produces ventilation/perfusion 
abnormalities, a diffusion defect and thus hypoxaemia. 


Cardiovascular System 


Endocardial and myocardial involvement may occur. 
Coronary arteritis, conduction defects and peripheral 
arteritis are other, uncommon, features. Immobility 
caused by arthritis may make assessment of cardiore- 
spiratory function difficult. 


Anaemia 


A chronic anaemia, hypo- or normochromic, but re- 
fractory to iron, occurs. Preoperative transfusion to a 
haemoglobin concentration of approximately 100g L~! 
is advisable before major surgery. Treatment with 
salicylates or other NSAIDs may cause gastrointestinal 
blood loss. 


Renal Function 


Renal impairment, or nephrotic syndrome, may occur 
as a result of amyloidosis or drug treatment. NSAIDs 
should be used with caution in the perioperative 
period. 


Steroid Therapy and Immunosuppression 


Many patients are receiving long-term steroid therapy 
and require augmented steroid cover for the periopera- 
tive period (see pp. 408—409). They are more vulnerable 
to postoperative infection due both to the disease and 
concurrent therapy. 
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Routine Preoperative Investigation 


This should include full blood count, serum urea and 
electrolyte concentrations, chest X-ray, cervical spine 
X-ray and ECG. Other investigations, e.g. pulmonary 
function tests, may be required in some instances. 


Conduct of Anaesthesia 


Specific anaesthetic considerations include: 


m consideration of general versus regional anaesthesia 
= how to secure and maintain the patient’s airway 
if a general anaesthetic is required 

vascular access 

steroid replacement where indicated 

positioning for surgery 

analgesia for a group of patients who may have 
significant preoperative pain and may be on reg- 
ular opioids and other analgesics. 


Particular care should be taken with venepuncture and 
insertion of i.v. cannulae because of atrophy of skin and 
subcutaneous tissues, and fragility of veins. Careful posi- 
tioning of the patient on the operating table is required 
because these patients may have multiple joint involve- 
ment. Padding may be required to prevent pressure sores. 

The anaesthetist should be prepared for a difficult 
tracheal intubation. If intubation is essential, an awake 
fibreoptic-assisted intubation is often the technique of 
choice. When intubation is not essential, a laryngeal 
mask airway is often satisfactory, but a back-up plan 
should be made in case of difficulties. Alternatively, the 
use of regional anaesthesia may pre-empt the need for 
complex airway management. 


Other Connective Tissue Diseases 


Implications for the anaesthetist are similar to those 
associated with rheumatoid arthritis. However, some 
specific features may be more prominent, e.g. vasculitis 
(including cerebral vasculitis), glomerulonephritis, pul- 
monary fibrosis, or peri- or myocarditis. Steroid and im- 
munosuppressive therapy are other potential problems. 


Scleroderma 


Scleroderma (systemic sclerosis) is particularly associ- 
ated with restricted mouth opening, lower oesopha- 
geal involvement with increased risk of regurgitation, 
pulmonary involvement, renal failure, steroid therapy 
and peripheral vascular disease. 


Systemic Lupus Erythematosus 


Anaemia, renal and respiratory involvement may be 
severe. Cardiac involvement may include mitral valve 
disease. Cerebral vasculitis may occur. Steroid therapy 
is usual. 


Ankylosing Spondylitis 

The rigid spine makes intubation difficult, and spi- 
nal and epidural anaesthesia may be technically im- 
possible. Awake fibreoptic-assisted intubation is 
often required for airway control and may be difficult. 
Costovertebral joint involvement restricts chest expan- 
sion. Postoperative ventilatory support may be required. 


Marfan’s Syndrome 


This is a disorder of connective tissue of autoso- 
mal dominant inheritance, which is characterized 
by long, thin extremities, a high arched palate, 
lens subluxation and aortic and mitral regurgita- 
tion. Regurgitation may be severe, and the valve le- 
sions may be complicated by infective endocarditis. 
Antibiotic cover is necessary for dental and other 
surgical procedures. 


NUTRITIONAL PROBLEMS 
Obesity 


Obesity poses several problems to the anaesthetist and 
surgeon. 


Cardiovascular Function 


Obesity is associated with increased blood volume, in- 
creased cardiac work, hypertension and cardiomegaly. 
Atherosclerosis and coronary artery disease are com- 
mon. Diabetes mellitus may coexist. 


Respiratory Function 


Vital capacity and FRC are decreased. Closing vol- 
ume is increased. As a result, increased shunting oc- 
curs through underventilated, dependent lung regions, 
with consequent hypoxaemia. These changes, brought 
about by abdominal splinting of the diaphragm, are 
accentuated in the supine, Trendelenburg and litho- 
tomy positions. Total thoracic compliance is decreased, 
the work of breathing increased, and increased oxygen 
consumption and carbon dioxide production cause 
hyperventilation. 
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Other Factors 


There may be difficulty in cannulating a vein, and 
arterial pressure measurement may be inaccurate un- 
less the appropriate size of cuff is used. Direct arterial 
measurement is often preferable. Assessment of vol- 
ume state is generally more difficult than in the nor- 
mal patient. Surgery is technically more difficult, with 
a risk of heavy blood loss and increased incidences of 
wound infection and wound dehiscence. Hiatus her- 
nia with the risk of regurgitation is more common, 
and maintenance of the airway and tracheal intuba- 
tion may be more difficult. 

Obese patients require careful preoperative respi- 
ratory and cardiovascular assessment (see Ch 17). 
The inspired oxygen fraction should be increased 
and positive end-expiratory pressure (PEEP) ap- 
plied to maintain a satisfactory SpO,. Fluid balance 
should be monitored carefully. Elective postop- 
erative artificial ventilation should be considered, 
especially after abdominal surgery. Pulmonary, 
thromboembolic and wound complications are 
more common, and appropriate prophylactic mea- 
sures and/or early recognition and treatment are 
important. 


Pickwickian Syndrome 


Pickwickian syndrome is characterized by a combination 
of obesity, episodic somnolence and hypoventilation 
with cyanosis, polycythaemia, pulmonary hypertension 
and right ventricular failure. Avoidance of hypoxaemia is 
important, and elective postoperative ventilation may be 
necessary, especially after abdominal surgery. 


Malnutrition 


As a result of persistent anorexia, dysphagia or 
vomiting, malnourished patients may have severe 
depletion of fluid and electrolytes. Anaemia and 
hypoproteinaemia are common. The anaemia may 
result from iron, vitamin B,, or folate deficiency, and 
if megaloblastic in nature, it may be associated with 
thrombocytopenia. 

Preoperative correction of fluid and electrolyte 
deficits is required, with CVP monitoring in severe 
cases. Infusion of albumin may be advisable in some 
instances to raise the colloid osmotic pressure. A 
parenteral multivitamin preparation should be ad- 
ministered in view of probable thiamine deficiency. 
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Induction agents should be administered carefully to 
avoid hypotension, while smaller doses of relaxants 
than normal are required. 


ANAESTHETIC CONSIDERATIONS 
IN THE ELDERLY 


With a steady increase in life expectancy, there is an 
associated increase in the need for surgery and anaes- 
thesia in elderly people. 

The normal ageing process is associated with pro- 
gressive loss of functional reserve in several vital organ 
systems, so that an elderly patient may be unable to in- 
crease functional capacity adequately to cope with the 
stress of major surgery. Several other factors increase 
the risk for elderly patients undergoing anaesthesia and 
surgery: 


associated comorbidity 
concomitant drug therapy 
increased sensitivity to many drugs 
impaired drug metabolism 
nutritional impairment. 


Organ System Changes 
Central Nervous System 


= Autonomic dysfunction, leading to attenuated 
baroreceptor reflexes and susceptibility to hy- 
potension, impaired temperature regulation and 
impaired gut motility. 

m Cognitive impairment, resulting in a reduced ca- 
pacity to cope with new situations and increased 
likelihood of confusional states. This effect may 
be compounded by sensory deprivation associ- 
ated with impaired hearing and vision. 


Cardiovascular 


m There is a loss of atrial pacemaker cells, result- 
ing in an increasing tendency to develop atrial 
fibrillation. 

= Maximum heart rate decreases and the elderly 
are increasingly dependent on increased stroke 
volume to increase cardiac output. This renders 
them more sensitive to hypovolaemia and re- 
duced preload. 

m Peripheral vascular resistance is increased as a result 
of loss of blood vessel compliance, and compensa- 
tory left ventricular hypertrophy is common. 
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m Catecholamine receptors are downregulated, re- 
sulting in a less predictable response to adrener- 
gic agents used therapeutically. 


Respiratory System 


m Closing volume increases and encroaches on tidal 
volume such that, when supine, significant shunt- 
ing, hypoxaemia and later atelectasis may occur. 

m Obstructive sleep apnoea is more common with 
associated episodes of desaturation and these 
episodes may be potentiated by opioid analgesia. 

= Silent regurgitation and aspiration of gastric 
contents occurs more commonly. 


Renal 


= There is a progressive loss of functioning glom- 
eruli and a resultant reduction in the ability to 
excrete or conserve sodium and water. 


ANAESTHETIC CONSIDERATIONS 


There is no preferred anaesthetic technique for el- 
derly patients and their management must be tailored 
to the individual patient in the context of the surgery 
required. 

Conditions limiting mobility such as arthritis and 
Parkinson’s disease make assessment of cardiorespira- 
tory function more difficult. In high-risk situations, 
dobutamine stress testing may be appropriate for car- 
diovascular assessment. 

Cognitive impairment is associated with reduced 
cholinergic function and, generally, centrally active 
anticholinergics should be avoided in the elderly. This 
includes antiemetics such as cyclizine. The elderly are 
generally more sensitive to sedative agents, which should 
be given slowly and titrated to effect. Opioid sensitivity 
increases with age, so that bolus doses of these agents 
should be reduced in the elderly and titrated to effect. 

The elderly are at increased risk from drug side- 
effects, e.g. renal dysfunction and gastrointestinal 
bleeding with NSAIDs. They are also at increased 
risk of adverse drug interactions because of mul- 
tiple concurrent therapies. Particular care is required 
when prescribing. Drug doses must be adjusted where 
appropriate. 

The elderly are less resilient in the face of profound 
changes in volume status and may require a greater 


degree of monitoring to guide fluid replacement 
effectively. 

The elderly are also at increased risk of compli- 
cations such as chest infections and thromboem- 
bolic events secondary to prolonged immobilization. 
Anaesthetic techniques should be used which allow 
prompt mobilization after surgery, e.g. effective epi- 
dural analgesia. 


HUMAN IMMUNODEFICIENCY VIRUS 


With a steady increase in the prevalence of human im- 
munodeficiency virus (HIV) carriage, there is a com- 
mensurate increase in patients who are HIV positive 
and require anaesthesia and surgery. This raises issues 
both for patients and for their carers. 

Initial infection with HIV is associated with a high 
viral load which stimulates an immune reaction which 
is initially effective in reducing the viral load. HIV rep- 
licates in T-helper (CD4) cells. Ten per cent of patients 
who seroconvert develop acquired immunodeficiency 
syndrome (AIDS) in the first 2-3 years. The remain- 
der develop it over a median duration of 10 years. 
Development of AIDS is associated with a reduction 
of CD4 cells and an increase in viral load. 

Transmission of HIV requires a large infect- 
ing dose. HIV is present in body fluids and may be 
transmitted by contamination with body fluids. 
Of particular relevance to anaesthesia is the risk of 
transmission via needle stick injury. Wearing gloves 
reduces the size of the inoculum of virus, and double 
gloving improves on this further. It is imperative that 
universal precautions are used in the theatre envi- 
ronment to reduce the risk of blood-borne infection 
transmission, including HIV. Sharps safety is particu- 
larly important. 

Patient-to-patient transmission via contaminated 
equipment is also possible and appropriate precau- 
tions must be taken to avoid exposure of patients to 
this risk. Increasingly, a move to single-use equipment 
is being introduced where direct patient contact oc- 
curs to avoid the possibility of transmission of infec- 
tion, including HIV. 

In the event of significant exposure to infected 
body fluids, postexposure prophylaxis should be 
given. The local occupational health department 
and/or the local infectious diseases unit should be 
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contacted for advice urgently, because treatment 
should commence within 1-2h. 

With regard to anaesthesia, there is little specific in- 
formation available. 


m General anaesthesia is known to be immunosup- 
pressant so that, theoretically, a regional technique, 
e.g. epidural anaesthesia, might be preferable. 
However, this must be balanced against the risk of 
pre-existing immunosuppression leading to epi- 
dural abscess and the potential to exacerbate pre- 
existing neuropathy. At present, individual decisions 
should be made at the discretion of the anaesthetist 
and the patient involved. 

m Pain is a common symptom of late HIV infec- 
tion and AIDS, and pain should be assessed 
and treated as part of the patient’s perioperative 
management. 

= Drug interactions may occur with antiretroviral 
agents. For example, the protease inhibitors in- 
hibit cytochrome P450, resulting in reduced me- 
tabolism of many drugs, including fentanyl and 
benzodiazepines. Conversely, non-nucleoside re- 
verse transcriptase inhibitors induce cytochrome 
P450. Patients with HIV infection are usually 
receiving a combination of three agents so that 
interactions may be complex. 


MYELOMA 


This neoplastic condition affects plasma cells and has 
several features of significance to the anaesthetist. 


= Widespread skeletal destruction occurs and care- 
ful handling of the patient on the operating table 
is essential. Pathological fractures are common. 

= Bone pain may be severe and often requires large 
doses of analgesics. 

m Hypercalcaemia occurs as a result of bone de- 
struction and may precipitate renal failure. 

= Chronic renal failure may also result from direct 
nephrotoxicity. 

m Anaemia is almost invariable, and preoperative 
blood transfusion is often necessary. 

= Thrombocytopenia is common during cytotoxic 
therapy. 

m Patients are susceptible to infection, including 
chest infection, especially during chemotherapy. 
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TABLE 18.8 


Safety of Drugs Commonly used in Clinical Anaesthesia for Patients with Acute Porphyrias 


Drug Group 
Intravenous induction Propofol PS Ketamine C Barbiturates U 
agents Midazolam PS Etomidate PU 
Inhalation agents Nitrous oxide 5 Isoflurane ND Enflurane PU 
Muscle relaxants Succinylcholine S Atracurium ND 
Vecuronium PS Pancuronium C 
Neuromuscular blockade Atropine S Glycopyrronium ND 
reversal Neostigmine S 
Local anaesthetics Lidocaine C 
Prilocaine Cc 
Bupivacaine Cc 
Analgesics Morphine S Alfentanil ND 
Fentanyl S 
Buprenorphine 5 
Naloxone PS 
Paracetamol S 
Anxiolytics Temazepam S Diazepam C All other U 
Lorazepam PS benzodiazepines 
Phenothiazines 5 
Antiarrhythmics B-Blockers 5 Verapamil U 
Nifedipine U 
Diltiazem U 
Other cardiovascular drugs Adrenaline S Beta-agonists ND 
Phentolamine S Alpha-agonists ND 
Bronchodilators Corticosteroids PS Aminophylline U 
Salbutamol S 
Premedication for Metoclopramide PS Ranitidine C Cimetidine PU 
caesarean section Domperidone S 


PS, possibly safe; S, safe; C, contentious; ND, no data; U, unsafe; PU, probably unsafe. 


An up-to-date list of drugs considered safe in acute porphyria can be found at www.wmic.wales.nhs.uk/porphyria_info.php. 


m Increased plasma immunoglobulin concentra- 
tions may increase blood viscosity, predisposing 
to arterial and venous thrombosis. Drug binding 
may be affected. 

m Neurological manifestations include spinal cord 
and nerve root compression. 


PORPHYRIA 


The porphyrias are an inherited group of disorders 
of porphyrin metabolism characterized by increased 
activity of D-aminolaevulinic acid synthetase with 


excessive production of porphyrins or their precur- 
sors. In the UK, acute intermittent porphyria is the 
most common type. It is characterized by acute attacks 
which may arise spontaneously or be precipitated by 
infection, starvation, pregnancy or administration of 
some drugs. Inheritance is Mendelian dominant and 
thus patients with a family history of porphyria re- 
quire further investigation. Clinical features include 
the following: 


m Gastrointestinal — abdominal pain and tender- 
ness, vomiting, constipation and occasionally 
diarrhoea. 


m Neurological — a motor and sensory peripheral 
neuropathy is common. It may involve bulbar 
and respiratory muscles. Epileptic fits and psy- 
chological disturbance may occur. 

m Cardiovascular — hypertension and tachycardia 
often occur during the attacks. Hypotension has 
also been reported. 

m Fever and leucocytosis occur in 25-30% of patients. 


Drugs which can provoke the attack include alcohol, 
barbiturates, chlordiazepoxide, steroid hormones, chlor- 
propamide, pentazocine, phenytoin and sulphonamides. 

Anaesthesia in such patients is directed to avoiding 
drugs which may provoke attacks. Induction with pro- 
pofol, followed by muscle relaxation with succinylcho- 
line or vecuronium, ventilation with nitrous oxide, and 
oxygen, and analgesic supplementation with morphine 
or fentanyl is satisfactory (Table 18.8). If fits occur, di- 
azepam is a suitable anticonvulsant, while chlorproma- 
zine, promethazine or promazine are suitable sedatives. 
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C ompetent adults have a fundamental right to 
give or withhold their consent to medical examination, 
investigation or treatment. Other than in specific or 
exceptional circumstances, anaesthetists must there- 
fore at all times have been given the valid consent of 
their patients. Several important points must be borne 
in mind when considering consent. Is it given freely? 
Does the patient have the requisite information to 
make a decision? Do they have the capacity to make 
this decision? 


TYPES OF CONSENT 


In clinical anaesthetic practice, the vast majority of 
consent is implied consent. The person’s consent is 
inferred from his or her actions (or inactions). If an 
anaesthetist asks to check a patient’s pulse and he or 
she offers his/her wrist, then consent is implied. The 
same principle of implied consent applies to docu- 
menting the patient’s history in the medical notes, 
attaching monitoring, insertion of a venous cannula 
or positioning a patient for a local anaesthetic block. 
Conversely, refusal to participate in these acts would 
imply that the patient did not give his or her consent 
at that time. 

Verbal consent may be simply an extension of im- 
plied consent. The anaesthetist may ask the patient if 
it is all right to insert a venous cannula and the patient 
says yes. At the other extreme, verbal consent may be 
a very thorough process in which the anaesthetist has 
explained specific risks and benefits of a proposed 
procedure in great detail and, following some delib- 
eration, the patient agrees verbally. 
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Written consent involves the patient agreeing to the 
proposed procedure and confirming this in writing. 
This is most commonly facilitated by a pre-printed 
consent form for operative procedures, but there may 
be occasions on which the medical notes are used for 
this purpose. It is important to understand that the 
written form simply documents that the patient has 
given their consent. It does not necessarily provide any 
information about the quality of that consent. Written 
consent is no more ‘valid’ than verbal consent but the 
documentation may provide some evidence of the 
process in the event of problems. 

At present, anaesthetists use a combination of 
all these types of consent in their daily practice: the 
patient implies consent to blood pressure monitor- 
ing by holding his or her arm in position; he or she 
may have agreed verbally to general anaesthesia and 
its attendant risks and benefits with the anaesthetist; 
he or she will almost certainly have signed a consent 
form for the proposed surgical procedure. Currently, 
the Association of Anaesthetists of Great Britain and 
Ireland (AAGBI) is of the view that a formal signed 
consent form is not necessary for anaesthesia and 
anaesthesia-related procedures, since it is the process 
of consent itself that is important, and a signed form 
does not increase the validity of the consent. However, 
it is recommended, particularly for procedures which 
are invasive or which carry significant risks, that 
both a patient’s agreement to the intervention and 
the discussions which led up to that agreement are 
documented. This can be done on a standard consent 
form, on the anaesthetic record or separately in the 
patient’s notes. 


CONSENT AS AN ACTIVE PROCESS 


Gaining consent should be considered a process, not 
an event. For most patients, the process starts long 
before they meet the anaesthetist when they are seen 
by their family doctor and then the surgeon. At each 
step in this process, they are being given information 
and consenting, however informally, to the next stage 
in the process. Healthcare professionals, family, friends 
and other sources will all be providing information 
which will help them to come to a decision. The an- 
aesthetist adds to this process with information about 
planned anaesthetic techniques, risks and benefits. The 
final consent from the patient should reflect this whole 
process — and documentation should support this. 


Voluntariness 


A fundamental principle of valid consent is that it should 
be voluntary. Consent is always given or withheld by the 
patient. It is not something done to a patient. Anaesthetists, 
along with other healthcare professionals, should avoid 
references to ‘consenting the patient’ The anaesthetist 
should take appropriate steps to satisfy him/herself that 
the patient is not being coerced by other people, however 
well meaning, or by the situation. In normal practice, this 
involves nothing more than straightforward discussion 
with the patient. Anaesthetists should be aware that the 
context of consent must be considered, not just whether 
there is undue pressure from family or friends. An elective 
patient who is in the anaesthetic room and given new, sig- 
nificant information about the anaesthetic technique may 
be viewed as being in a coercive context because it would 
be difficult to refuse the interventions offered. 

The anaesthetist has a professional duty to offer his 
or her opinion about what he or she believes the best 
course of action might be, but this should not cross 
the line into coercion. Patients have the right to refuse 
offered treatments. However, this does not mean that 
anaesthetists have to provide a treatment which they 
feel is unsafe just because a patient requests it. In the 
unusual event that this problem arises, clear documen- 
tation and discussion with senior colleagues are vital. 


Information 


In broad terms, the anaesthetist should provide the 
individual patient with sufficient information to 
make a reasonable decision. The patient should have 
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some understanding of what he or she is consent- 
ing to. The anaesthetist must consider the individual 
patient — as suggested by the AAGBI: ‘What would 
this patient regard as relevant when coming to a deci- 
sion about which, if any, of the available options to 
accept? Conversely, information should not be with- 
held solely because the anaesthetist feels it may deter 
a patient from undergoing a particular intervention 
or therapy. 

There is no statute which clearly defines what in- 
formation should be given to patients about anaesthe- 
sia, and different countries’ legal systems have taken 
slightly divergent views. The AAGBI guidance is shown 
in Table 19.1. It must be emphasized that the anaes- 
thetist should adapt this to the individual patient and 
surgery. For instance, visual loss after prone surgery is 
a rare but significant procedure-related complication 
which is relevant to specific patients. 

Patients may sometimes state that they do not 
wish to know anything at all. The anaesthetist has a 
responsibility to ensure that the patient has sufficient 
information to provide valid consent. When handled 
with sensitivity, it is usually possible to provide an 
appropriate degree of information without unneces- 
sary distress. 


Quantity 


It is impossible to provide patients with complete in- 
formation about every anaesthetic and to attempt to 
do so would be counterproductive. The anaesthetist 
is responsible for providing the patient with sufficient 
information — professional training and communi- 
cation skills should allow the anaesthetist to provide 
adequate information in a form that the patient can 
understand without overburdening the patient. 

Most studies have demonstrated that patients 
wish to know more than healthcare professionals 
think, although conversely, they are usually satisfied 
with the information they are given. Most patients 
would like to receive written information, but only a 
minority read it when it is given. In general, women 
wish to know more than men, and parents wish 
to know more on their children’s behalf than they 
might wish to know for themselves. Although clearly 
every patient is different, in general, anxious patients 
have the same desire for information as non-anxious 
patients. 
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TABLE 19.1 


AAGBI Guidance on Information Which Should be Provided to Patients Relating to Anaesthesia 


m Generally what may be expected as part of the proposed anaesthetic technique. For example, fasting, the administration and 


effects of premedication, transfer from the ward to the anaesthetic room, cannula insertion, noninvasive monitoring, induction of 


general and/or local anaesthesia, monitoring throughout surgery by the anaesthetist, transfer to a recovery area, and return to the 
ward. Intraoperative and postoperative analgesia, fluids and antiemetic therapy should also be described. 


m Postoperative recovery in a critical care environment (and what this might entail), where appropriate. 


m Alternative anaesthetic techniques, where appropriate. 


= Commonly occurring, 'expected' side-effects, such as nausea and vomiting, numbness after local anaesthetic techniques, 


succinylcholine pains and post-dural puncture headache. 


m Rare but serious complications such as awareness (with and without pain), nerve injury (for all forms of anaesthesia), disability 


(stroke, deafness and blindness) should be provided in written information, as should the very small risk of death. 


m Itis good practice to include an estimate of the incidence of the risk. Anaesthetists must be prepared to discuss these risks at the 


preoperative visit if the patient asks about them. 


m Specific risks or complications that may be of increased significance to the patient, for example, the risk of vocal cord damage if 


the patient is a professional singer. 


m The increased risk from anaesthesia and surgery in relation to the patient’s medical history, nature of the surgery and urgency of 


the procedure. If possible, an estimate of the additional risk should be provided. 


m The risks and benefits of local and regional anaesthesia in comparison to other analgesic techniques. 


m The risk of intra-operative pain, and the need to convert to general anaesthesia, should a proposed local or regional technique be 
inadequate or ineffective. The risks and benefits of adjunctive sedation or general anaesthesia should be discussed. 


= The benefits and risks of associated procedures such as central venous catheterization, where appropriate. 


m Techniques of a sensitive nature, such as the insertion of an analgesic suppository. 


Methods of Information Provision 


There are numerous ways of conveying information 
to patients. Traditionally, the face-to-face preoperative 
consultation was the only method used by anaesthe- 
tists. This is clearly still very valuable, partly to help 
establish rapport between patient and anaesthetist, but 
also to allow the anaesthetist to discover any specific 
issues of concern to the patient. However, numerous 
studies have shown that understanding and informa- 
tion retention following simple verbal consultation are 
poor. As the AAGBI states: 


‘It is neither practical nor desirable for all information 
to be provided to patients at the preoperative meeting 
with the anaesthetist.’ 


Written information is a complement to the pre- 
operative consultation, not a replacement. It provides 
an opportunity to give more extensive information 
about the process of anaesthesia, and about benefit 
and risks, which the patient can read at leisure and 
discuss with friends, family and other healthcare pro- 
fessionals. Producing good written information is a 


time-consuming process which requires consultation 
with patients, colleagues and experts in clear writ- 
ing. Ideally, such information should be supported 
by published evidence and updated regularly to 
ensure that new information is included. Individual 
clinicians are unlikely to have the time or skill-sets to 
achieve this to a high standard; nor are most anaes- 
thetic departments. There are various sources of high 
quality information available from national bodies 
and commercial organizations which meet these 
requirements. 

Multimedia/video information is an attractive 
alternative approach. As with written information, it 
is not a straightforward task to produce high quality 
information. The studies that have been published 
generally demonstrate that it aids understanding 
and information retention, at least in the short term. 
However, there are practical issues to be resolved, 
including how to make it available to all patients, 
and cost. 

Whatever approach used, it is the anaesthetist’s fi- 
nal responsibility to ensure that the patient has had 
sufficient information to provide valid consent. 


Communicating Risk 


Humans are not very good at assessing risk. A variety of 
factors influence people’s acceptance and interpretation 
of risk. Self-inflicted risk is generally better accepted 
than externally imposed risk — as evidenced by smokers 
concerned about relatively small risks from anaesthesia. 
Immediate and high impact risks (e.g. hypoxic brain 
damage) are rated more strongly than short-term or 
distant risks even though they may be far less likely to 
occur. There is also a natural tendency to overestimate 
rare risks and underestimate common ones. 

The context of risk is relevant. In general, when 
given identical data concerning themselves and other 
people, individuals tend to rate the risk of ‘bad things’ 
happening to other people as greater than the risk to 
themselves; the converse is true for ‘good things. Even 
if they understand the risks, people are subject to the 
myth of invulnerability — the risk is real, but applies 
only to other people. 

Taking all the above into account, how should an 
anaesthetist give information about risks and benefits? 
It is important to remember that the information is 
for the benefit of the patient, not solely as a defence 
against possible legal action. However, there are legal 
consequences of failure to obtain consent or failure to 
provide sufficient information. If a Court finds that 
consent was invalid, there may be a finding that pro- 
vision of treatment amounted to battery or assault. 
Alternatively, the patient may argue that, by refusing 
to undergo the procedure if appropriate warnings 
had been given, the complication would have been 
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avoided. If this argument is successful, then the patient 
is entitled to compensation for the consequences of the 
injury, even if the injury occurred despite all reason- 
able care in undertaking the procedure. 

Patients prefer to be given numerical estimates of 
risk; doctors prefer to provide less precise qualitative 
estimates. Given the current state of evidence, neither is 
more accurate. The risk to the individual patient is usu- 
ally unknown with sufficient precision. There is reason- 
able evidence that patients (and doctors) do not have 
sufficient understanding of probabilities for these to be 
used alone. Verbal likelihood scales are therefore most 
commonly used. The problem lies in the interpreta- 
tion by anaesthetist and patient of the scale. ‘Never and 
‘always’ are straightforward, but ‘common, ‘rare’ and 
‘unusual’ are subjective terms. Even within anaesthesia 
information systems, these are used differently. Drug 
information uses the ‘Calman scale; the Royal College 
of Anaesthetists (RCOA) uses a different scale. In order 
to provide more personal context, the population scale 
is sometimes used, comparing the risk to the number of 
people on a street, village, town, etc. (Table 19.2). 

The framing of risk changes perception of 
risk. A 90% success rate is better received than a 
10% failure rate. Relative risks and benefits may 
have a greater influence on an individual than is 
necessarily warranted. The absolute risk of dying 
due to anaesthesia-related complications is very 
small, regardless of technique. However, the relative 
risk (e.g. regional versus general anaesthesia for 
Caesarean section) may be quite large. 


TABLE 19.2 


Commonly Used Methods of Expressing the Risk of Medical Treatments 


Population Comparison: 


Level of Risk Calman Scale RCOA Leaflets One Person in 
in1to1in9 Very common A family 
in 10 to 1 in 99 High Common 
in 100 to 1 in 999 Moderate Uncommon A street 
in 1000 to 1 in 9999 Low Rare A village 
in 10,000 to 1 in 1,000,000 Minimal Very rare A small town 
in 1,000,000 to 1 in 9,999,999 Negligible A city 


in 10,000,000 to 1 in 99,999,999 


A province or country 


in 100,000,000 to 1 in 999,999,999 


A large country 
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Capacity 

The vast majority of patients clearly have capacity to 
make their own decisions. However, there are a num- 
ber of patients who may be unable to give valid con- 
sent, either temporarily or permanently. The largest 
group is children (see below). In adults, the Mental 
Capacity Act (2005) in the UK, and similar legislation 
in other countries, provides a legal framework for pa- 
tients unable to provide their own consent. 


1. Adult patients are assumed to have capacity 
unless it is established that they lack capacity. 
Capacity is the ability to (a) understand and re- 
member the information and (b) use it to arrive 
at a decision. 

2. Patients must be given a reasonable chance to 
demonstrate their capacity. A person’s lack of 
capacity cannot be assumed solely because they 
have taken drugs, alcohol or premedication, 
nor because they are making seemingly ‘wrong’ 
choices. In particular, the inability to communi- 
cate verbally does not imply a lack of capacity. 
Doctors (including anaesthetists) must make 
reasonable attempts to provide information for 
the patient so that they can decide on treatment 
options for themselves. 

3. The treatment of adults without capacity must 
be in their best interests. This is a wider defini- 
tion of best interests than solely medical best 
interests. Although generally more relevant to 
critical care than anaesthesia, the Act is clear that 
the treatment must be necessary, the least re- 
strictive and in the patient’s wider best interests. 

4, Patients may appoint proxy decision-makers 
with Lasting Power of Attorney (LPA). These 
individuals have the legal right to give or receive 
consent on behalf of a patient without capacity 
for carrying out or continuation of treatment. 
The exception is for life-sustaining treatment 
or treatment considered inappropriate by the 
doctor. 


Advance directives have varying legal standing 
across the world. Within the UK, an advance directive 
is held to be legally valid if: 


m at the time of the directive, the patient makes the 
decision voluntarily, with adequate information, 
and they have capacity 
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m the specific refusal is clear, e.g. blood transfusion 

m the circumstances of when the refusal should 
apply are clear, e.g. resuscitation may be accepted 
after witnessed cardiac arrest, but not following a 
disabling stroke. 


Advance directives should be honoured provided 
that the treating doctor believes the above condi- 
tions are met. Although most advance directives are 
written, oral directives are acceptable. Only deci- 
sions regarding refusal of life-sustaining treatment 
must be in writing; these should be witnessed and 
countersigned. 

In emergency situations, doctors should not unrea- 
sonably delay treatment but should make reasonable 
efforts to ascertain whether a valid advance directive 
exists. 


Consent in Special Circumstances 
Emergency 


Most emergency patients have capacity and the same 
considerations about consent and information apply. 
However, the urgency of a situation may necessitate a 
shortened time-frame for consideration. This does not 
preclude the requirement to clearly document any dis- 
cussions held. 

For patients who lack capacity (e.g. loss of con- 
sciousness due to head injury), the stipulations of the 
Mental Capacity Act (or similar) apply. The doctor 
should act in the patient’s best interests in the least 
restrictive way possible. 


Children 


Although legal definitions vary, consent, or refusal 
of consent, is usually given on behalf of the child by 
a parent. Up-to-date guidance should be referred to, 
because professional and legal frameworks change. 
In general, an adult with legal parental responsi- 
bility can give or refuse consent. Teachers may be 
acting in loco parentis, although in practice for 
truly emergency care, the provisions of the Mental 
Capacity Act apply. Older children who have capac- 
ity are able to consent for themselves, though under 
the age of 18 years, they may not legally be allowed 
to refuse consent. 

Occasionally, anaesthetists become involved in 
complex issues around refusal of consent on religious 
grounds by parents on behalf of the child. This almost 


invariably should be discussed with experts such as 
hospital solicitors and medical defence societies. 
When taking parental consent, the anaesthetist 
should be very clear about the limits of that consent, 
particularly if it is anticipated that the child may 
become distressed at induction of anaesthesia. 


Pregnancy 


The pregnant woman has exactly the same rights to 
give or withhold consent as any other person. She does 
not have to justify her decisions and the fetus has no 
legal rights until it is born. This raises two main issues 
for the anaesthetist. 

The first is the provision of information for 
regional analgesia in the labour suite. A significant 
number of women are extremely anxious and in severe 
pain by the time that the anaesthetist is asked to insert 
an epidural catheter. They may therefore not wish to 
hear (and almost certainly will not retain) a long list of 
potential complications. However, the anaesthetist has 
a responsibility to provide at least a minimum amount 
of information about risks and benefits of the proce- 
dure. This must be documented at the time because 
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there is good evidence that the mother’s recollection of 
the discussion may not be complete, even the next day. 

The second is the refusal of regional anaesthesia for 
emergency Caesarean section. The anaesthetist may 
believe that general anaesthesia is the riskier option for 
the mother. However, due to the emergency nature of 
Caesarean section, the option of refusing to provide 
general anaesthesia may be the most risky for the fetus. 


SUMMARY 


Patients have a fundamental right to give or withhold 
consent for anaesthesia. Anaesthetists must respect 
that and assist the patient in coming to a decision by 
providing sufficient information, in a way that the 
patient can understand. 
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U ntil the middle of the nineteenth century, surgery 
was carried out in any convenient room, frequently one 
which was used for other purposes. Although the in- 
troduction of antisepsis resulted in the washing of in- 
struments and the operating table, the operating room 
itself was ignored as a source of infection. Operating 
rooms were designed with tiers of wooden benches 
around the operating table for spectators; thus the term 
operating theatre was introduced. During the early part 
of the twentieth century, large windows were incorpo- 
rated, as artificial light was relatively ineffective, and 
high ceilings were introduced to improve ventilation. 
Additional facilities became necessary for preparing 
and anaesthetizing the patient, for sterilization of in- 
struments and for the surgeon and other theatre staff to 
change clothes and scrub up. In addition, the design of 
operating theatres changed, and smaller theatres were 
introduced to facilitate frequent cleaning. 

A modern operating theatre incorporates the fol- 
lowing design features: 


m environmental controls of varying degrees 
of complexity, to reduce the risk of airborne 
infection 

m services for surgical and anaesthetic equipment 

m an operating table on which the patient may be 
placed in the position required for surgery 

m artificial lighting appropriate for the require- 
ments of both surgeon and anaesthetist 

m measures to ensure the safety of patient and staff. 


In addition, provision should be made immediately 
adjacent to the operating theatre for preparing instru- 
ments, cleaning dirty instruments and for the surgeon to 
scrub up. Traditional practice in the UK has been to have 
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a separate room for anaesthetizing the patient. Many 
countries around the world do not use separate anaes- 
thetic rooms and some operating theatres are now de- 
signed with shared or no anaesthetic rooms. Procedure 
rooms are becoming more common where aspects of 
perioperative care can be carried out such as regional an- 
aesthesia and insertion of central venous catheters. There 
should also be separate areas for reception and recovery 
of patients. It is the usual practice for each hospital to 
have a suite of theatres, rather than operating theatres 
close to each of the surgical wards, which was formerly a 
common feature. The use of theatre suites permits more 
flexible and efficient use of staff and resources. 


THE OPERATING THEATRE SUITE 


The number of operating theatres required is difficult 
to calculate, but approximates in most British cities to 
one for every 40000 of the population served. Ideally, 
the operating theatre suite should be close to the surgi- 
cal wards, and adjacent to, and on the same floor as, 
the accident and emergency department, intensive care 
unit, X-ray department, day-case ward and sterile sup- 
plies unit. It is logical for the anaesthetic department 
to be immediately adjacent to, or an integral part of, 
the operating theatre suite, although this seldom oc- 
curs in practice. 

The main purpose of the operating theatre environ- 
ment is to provide a safe environment for patients and 
staff. A key component of this is to minimize the risk 
of transmission of infection to the patient from the air, 
the building or the staff. The operating theatre suite 
contains four zones of increasing degree of cleanliness 
(Table 20.1). 


TABLE 20.1 


Zones of Cleanliness in the Operating 
Theatre Suite 


Outer zone - hospital areas up to and including the reception area 


Clean zone - the circulation area used by staff after they have 
changed, and the route taken by patients from the transfer bay 
to the anaesthetic room 


Aseptic zone - scrub-up and gowning area, anaesthetic room, 
theatre preparation room, operation room, exit bay 


Disposal zone - disposal area for waste products and soiled or 
used equipment and supplies 


Transfer of Patient 


There is some evidence that anxiety in the surgical pa- 
tient peaks as transfer from the ward to the operating 
theatre begins, and it is important that facilities for trans- 
fer minimize stress. A member of staff from the ward 
usually accompanies the patient, but it is customary for 
the ward staff to leave adult patients before anaesthesia 
has been induced. In paediatric practice, it is the normal 
routine that a ward nurse or play therapist and parent 
remain with the child during induction of anaesthesia. 

On arrival at the reception area, the patient’s identity 
and surgical procedure are checked. In a theatre suite, 
it may be necessary for patients to wait for some time 
in the reception area to prevent delays in the operat- 
ing schedules. Consequently, adequate space should be 
provided for several beds, and there should be screens 
for patients who wish privacy. The staff in the reception 
area should include nurses. The décor should be cheer- 
ful, and the lighting subdued. 

Transport should involve the minimum number of 
changes of trolley. A trolley is used frequently to transfer 
the patient to the operating theatre suite, and changes 
of trolley may be required to enter the clean area and 
also for transfer to the operating table after anaesthesia 
has been induced. Because sedative premedication is 
now unusual, patients not infrequently walk to the op- 
erating theatre suite and climb on to a trolley on arrival. 

Alternatively, the patient’s own bed may be taken to 
the operating theatre suite. If the patient is infirm or 
in severe pain, the bed may be taken to the anaesthetic 
room and transfer delayed until after induction of an- 
aesthesia, but this is appropriate only if the bed has the 
facility to be tipped head-down if necessary. In some 
hospitals, a single transfer is effected by transporting 
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the patient to the theatre suite in bed, where the 
patient is moved on to the operating theatre table-top, 
which is mounted on a wheeled frame. After induction 
of anaesthesia, the table-top is wheeled into the theatre 
and the top attached to a fixed base, which allows it to 
be positioned for surgery. 

There is increasing awareness of the risk of injury 
to operating theatre personnel as a result of lifting pa- 
tients, and thus an increasing tendency to install trans- 
fer systems which do not require great physical effort. 
There are also risks to patients arising from transfer to 
and from trolleys, operating tables and beds, includ- 
ing physical injury, disconnection of intravenous in- 
fusions or intravascular catheters, displacement of a 
tracheal tube and disconnection of monitoring appa- 
ratus. The anaesthetist is responsible for ensuring the 
safety of the patient and of themselves during transfer. 
There is no universal method of transferring patients 
from one trolley to another. All hospitals should pro- 
vide training on safe transfer techniques. 

All trolleys in the operating theatre suite should be 
equipped with oxygen, and this should be adminis- 
tered routinely to patients during transfer from the- 
atre to the recovery room at the end of the procedure 
if general anaesthesia has been used or if there is any 
other clinical indication. 


Anaesthetic Room 


In several countries, the anaesthetic room has developed 
from a small annexe to the theatre to an integral part of 
the operating theatre suite. However, this is not univer- 
sal, and in many parts of the world anaesthesia is in- 
duced in the operating theatre after the patient has been 
transferred onto the operating table. The following are 
the main advantages of the anaesthetic room. 


= The patient’s anxiety may be reduced by avoiding 
the sights and sounds of the operating theatre. 
This is of special importance in children. 

= The equipment which may be necessary during 
induction of anaesthesia can be stored in an un- 
cluttered manner, with each item readily avail- 
able and its location obvious, in contrast to the 
cramped ‘cart’ which is usually employed to pro- 
vide equipment and drugs when anaesthesia is 
induced in the operating theatre. 

= Time is saved by inducing anaesthesia while sur- 
gery is being completed on another patient. This 
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is useful particularly if preparation is prolonged, 
e.g. performance of local anaesthetic blocks or 
establishment of invasive cardiovascular moni- 
toring, but is safe only if at least two anaesthetists 
and two trained assistants are present. 


However, there are several disadvantages. 


= Anaesthetic and monitoring equipment must be 
duplicated, or moved to the operating theatre 
with the patient; this usually necessitates tempo- 
rary disconnection from electrical or gas supplies. 

m Hazards are involved in transferring an uncon- 
scious patient from a trolley to the operating table. 

= Construction and maintenance of anaesthetic 
rooms are expensive. 


Even in countries where anaesthetic rooms are used, 
it is customary to induce anaesthesia in the high-risk 
patient on the operating table, as the delay between 
onset of unconsciousness and the start of surgery must 
be kept to a minimum, e.g. for emergency caesarean 
section or severe haemorrhage. 

The design of the anaesthetic room should allow 
easy access all round the patient’s trolley, and should 
provide space for anaesthetic and monitoring equip- 
ment, and storage cupboards and shelves. The mini- 
mum floor area recommended by the Department of 
Health in the UK is 17 m’, but this is inadequate. A floor 
area of 21 m’ is more appropriate. Piped gases and suc- 
tion, and electrical sockets, are required near the head 
of the trolley. An anaesthetic machine, mechanical 
ventilator and monitoring system are also necessary. 
Cupboards must be available to store equipment and 
drugs, and worktops must be of sufficient size to allow 
syringes, needles, cannulae and drugs to be prepared. 
There should be a clock with a second hand. 

The layout of the anaesthetic room has an impact 
on both safety and efficiency of operating lists. Clear 
labelling, prioritization of commonly used items 
and avoidance of overstocking are important factors. 
Anaesthetists commonly work in several different 
theatres and a consistent layout between anaesthetic 
rooms may facilitate safe and smooth working. 


Operating Room 


The operating room is designed around its centrally 
situated operating table with overhead lighting and 
ventilation systems. The ideal shape for the operating 


room is circular, but this is inefficient and most op- 
erating rooms are square or nearly square. The Royal 
College of Surgeons of England has suggested that the 
floor should be 625 ft? (approximately 58 m°) in area, 
and no smaller than 484 ft? (approximately 45 m°). 
Theatres for specialized surgery may require a larger 
area to accommodate bulky equipment. 

Outlets for piped gases and electrical sockets must 
be positioned close to the head of the operating table; 
they are provided most conveniently by a boom or sta- 
lactite system. Electrical cables should not lie across the 
floor. The operating room should be of sufficient size 
to allow all types of surgery without moving the posi- 
tion of the head of the table; this location should be 
reached easily and without complex manoeuvres as the 
patient enters the theatre from the anaesthetic room. 


Temperature, Humidity and Ventilation 


The temperature in the operating theatre and anaes- 
thetic room should be sufficiently high to minimize the 
risk of inducing hypothermia in the patient, but must 
be comfortable for theatre staff. The patient may de- 
velop hypothermia at an ambient temperature of less 
than 21°C. Temperatures of 22—24°C are usually ac- 
ceptable in the operating room, with a relative humid- 
ity of 50-60%; a higher environmental temperature 
is required during surgery in the neonate or infant. 
Slightly lower temperature and humidity are accept- 
able in other parts of the theatre suite. Controls for 
temperature and humidity should be located within 
the operating theatre so that adjustments can be made 
by theatre staff. The theatre temperature is less of a con- 
cern when patient warming devices are used, but anaes- 
thetists should be aware that there are often significant 
periods when the patient is exposed without warming. 
A cold theatre will put the patient at greater risk of in- 
advertent hypothermia. 

Heating and humidity are controlled usually by an 
air-conditioning and ventilation system, which pro- 
vides an ambient pressure inside the operating room 
slightly higher than atmospheric. In general, air is in- 
troduced directly over the operating table, and leaves 
at the periphery through ducts positioned near floor 
level. In the area of the table, 400 air changes per hour 
are required to minimize the risk of airborne trans- 
mission of infection. More effective systems of ven- 
tilation, involving radial exponential air flow away 


from the operating table, or laminar flow, are used 
in some centres for some types of surgery, e.g. joint 
replacement, in which infection is especially undesir- 
able. High-flow systems may accelerate cooling of the 
patient (and staff). 


Light 

Daylight is not necessary in the operating theatre, al- 
though it is more pleasant for staff if there are win- 
dows in the theatre suite, e.g. in corridors and common 
rooms. A high level of illumination is required over the 
operating table, and ceiling-mounted lamps are stan- 
dard; it is preferable if they can be positioned directly 
by the surgeon. 

The intensity and colour temperature of general 
lighting are very important to the anaesthetist, as ap- 
preciation of skin colour is affected by the spectrum of 
the source of illumination. The spectrum provided by 
lighting tubes should be similar to that of daylight, with 
an emission temperature of 4000-5000 K. The colour of 
the décor should be neutral and uniform. The intensity 
of general illumination should be up to 325lmm” in 
the operating theatre, and it should be diffuse to avoid 
glare. In the anaesthetic room and recovery area, a light 
intensity of approximately 220 Im m™ is acceptable, but 
a spotlight should be available if increased illumination 
is required for specific procedures. 


Safety in the Operating Theatre 


Trailing electrical wires, gas supply hoses, ventilator 
tubing, intravenous tubing and monitoring cables rep- 
resent a hazard to both staff and patients in the oper- 
ating theatre. Staff may trip and suffer injury, and it is 
easy to disconnect the electrical supply to vital equip- 
ment. If the power to modern anaesthetic machines is 
disconnected, monitoring, ventilation and gas supplies 
may fail simultaneously. In addition, there may be a risk 
to staff from pollution of the atmosphere with anaes- 
thetic gases and vapours, and of contracting infection, 
particularly human immunodeficiency virus (HIV) or 
hepatitis, from infected patients. Potential hazards in 
the operating theatre are shown in Table 20.2. 


Electrical Safety 


Although some mention is made of electrical hazards 
in the operating theatre in Chapter 14, a detailed de- 
scription is beyond the scope of this book, and the 
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TABLE 20.2 


Potential Hazards in the Operating Theatre 


Electricity 


Liquids 


Gases and vapours 


Temperature 


Humidity 


Fire 


Cables and tubes 


reader is referred to the article by Boumphrey and 
Langton (2003) in the further reading list. The elec- 
trical supply to the operating theatre and all electrical 
equipment connected to the patient incorporate de- 
sign features which minimize the risk of electrical cur- 
rents being transmitted through the patient to earth. 

However the theatre is designed, there will always 
be some electrical connection between the anaesthetic 
machine and the wall or ceiling sockets. Anaesthetists 
should develop a system which minimizes the risk 
of disconnection and trip hazard from these cables. 
Stopping staff from walking behind the anaesthetic 
machine is a simple but effective approach. 


Explosions 


Explosive anaesthetic gases and vapours (diethyl ether, 
cyclopropane, ethyl chloride) are no longer used in de- 
veloped countries. However, diethyl ether is still used 
occasionally in some countries. Ether burns in air, but 
forms an explosive mixture with oxygen. An explosion 
may be initiated by a spark of very low energy (<1 pJ) 
or by contact with a temperature of 300°C or higher. 
The risk of explosion is highest within and close to the 
anaesthetic breathing system because of the presence 
of a high oxygen concentration. Beyond a distance of 
10cm from the breathing system, the oxygen concen- 
tration diminishes and the risk is reduced. Ethyl chlo- 
ride is used in some centres to generate a cold stimulus 
when testing the extent of regional or local anaesthetic 
blocks, and the risk of fire or explosion should not be 
forgotten. 

The construction of anaesthetic apparatus is de- 
signed to minimize explosion hazards from generation 
of sparks caused by accumulation of static electricity. 
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All rubber is conductive, so that electrical charges leak 
to earth, and non-conductive substances are treated 
with antistatic material. In most operating theatres 
more than 15-20 years old, the floor has a high but fi- 
nite resistance, so that static charges leak to earth but 
electrocution risks are minimized. Until recently, the- 
atre footwear was also designed to earth static charges. 
Sparks may be generated by clothing made of synthetic 
materials such as nylon. The risk of accumulation of 
static electricity on walls and equipment is reduced if 
the environment humidity exceeds 70%. 

Diathermy must not be used if flammable or explo- 
sive anaesthetics are employed. However, because the 
use of these agents has ceased in developed countries, 
many of the precautions against generation of sparks, 
and the use of expensive antistatic flooring, have be- 
come unnecessary. 

Fire is still a hazard if alcohol-based solutions are 
used by the surgeon to sterilize the skin; the usual igni- 
tion source is a spark from the diathermy probe, and 
paper drapes provide a fuel. 


Atmospheric Pollution 


There has been considerable controversy regarding 
the risk to theatre staff from atmospheric pollution by 
anaesthetic gases and vapours. Earlier investigations 
suggested that theatre staff are more likely than other 
hospital personnel to suffer from hepatic and renal 
disease, to have non-specific neurological symptoms 
and for their children to have an increased risk of con- 
genital abnormality. However, none of these problems 
has been substantiated. 

There was more convincing evidence from some 
studies that female staff who worked in the operating 
theatre during the early months of pregnancy suffered 
an increased incidence of spontaneous abortion, and 
there is experimental evidence to suggest that con- 
stant exposure of rats to a concentration of more than 
1000 ppm of nitrous oxide produces adverse results on 
their reproduction. However, the most recent, com- 
prehensive and only randomized prospective investi- 
gation of operating theatre staff failed to demonstrate 
any increased health risk. 

Trace concentrations of anaesthetic gases have been 
implicated in another area of concern — impairment 
of professional performance. Motor and intellec- 
tual performance were shown in an early laboratory 


study in volunteers to deteriorate in the presence of 
concentrations of nitrous oxide of 500ppm, with 
or without halothane 15 ppm. However, subsequent 
studies failed to confirm these findings, and the con- 
sensus of several studies is that concentrations of 
8—12% nitrous oxide are required before significant 
impairment of performance occurs. Such concen- 
trations might be inhaled if the anaesthetist is close 
to an unscavenged expiratory valve, or during in- 
halation induction of anaesthesia, but exceed those 
present in other areas of an adequately ventilated 
operating theatre. 

Nevertheless, it is sensible to minimize atmospheric 
pollution in the operating theatre, and hospital regu- 
lations in both western Europe and North America 
require the installation of anaesthetic gas-scavenging 
systems in all areas where anaesthesia is administered. 
In the USA, the National Institute of Occupational 
Safety and Hygiene (a federal regulatory body) dictates 
that environmental concentrations of anaesthetic gases 
should not exceed a value of 25 ppm of nitrous oxide 
and 2 ppm of volatile agent. In the UK, the Health and 
Safety Executive introduced maximum limits of expo- 
sure to anaesthetic agents in January 1996; these are 
shown in Table 20.3. Scavenging systems are described 
in Chapter 15. 

Anaesthetic gases are not the only source of envi- 
ronmental pollution in the operating theatre; volatile 
skin-cleaning fluids and aerosol sprays, e.g. iodine or 
plastic skin dressing, should be used sensibly, and in- 
halation of vapours should be avoided. 


TABLE 20.3 


Maximum Levels of Exposure to Anaesthetic 
Agents in the Operating Theatre Suite Over an 
8-h Time-Weighted Average Reference Period, as 
Laid Down in the UK by the Health and 
Safety Executive 


Agent Maximum Concentration (ppm) 
Nitrous oxide 100 

Halothane 10 

Enflurane 50 

Isoflurane 50 

Sevoflurane 20* 


*Manufacturer’s recommendation. 


Infection 


The most serious types of acquired infection in operat- 
ing theatre staff are HIV and hepatitis, which may be 
contracted by contact with blood or body fluids from 
an infected patient. Several healthcare workers have 
been infected in this way, either by a needlestick injury 
or through cuts and abrasions. The risk of percutaneous 
transmission of HIV is believed to be low; the risk of ac- 
quiring HIV following needlestick injury is estimated to 
be around 1 in 300 needlestick injuries. The annual risk of 
HIV infection for anaesthetists is estimated at between 1 in 
3100 and 1 in 80000 in the US (depending upon the local 
HIV rate). High-risk fluids for HIV transmission include: 
CSF, pleural, peritoneal, synovial fluid and breast milk; 
vomit, urine, faeces and saliva are considered low-risk. 

Two thousand cases of hepatitis B are reported 
each year in the UK, although the true incidence is prob- 
ably very much higher. The prevalence of evidence of 
previous or current infection (antibodies to hepatitis B 
core antigen — anti-HBc) is around 1-2% in the UK; it is 
about 96% in parts of China and South Korea. Hepatitis 
B surface antigen persists for at least 6 months in 5—10% 
of infected individuals. Up to 20% of the population 
may have chronic hepatitis in South Asia, East Asia and 
sub-Saharan Africa. The virus is highly infectious, and 
minute amounts of blood may transmit the disease. The 
Association of Anaesthetists of Great Britain and Ireland 
(AAGBI) recommends that all anaesthetists should re- 
ceive active immunization against hepatitis B and most 
hospitals in the UK insist that evidence of immunity to 
the virus is present in an anaesthetist’s serum before al- 
lowing employment to start. A single dose of hepatitis B 
immunoglobulin combined with active immunization 
is required immediately if an unprotected individual is 
inoculated with infected material. 

Hepatitis C and D viruses are also blood-borne. Up 
to 50% of people infected with the hepatitis C virus 
develop chronic liver disease. Occupational transmis- 
sion of this virus has been reported. 

The prevalence of HIV infection in the commu- 
nity is increasing. Thus, anaesthetists are likely to be 
exposed to an increasing number of patients who 
may transmit HIV. Compulsory screening of hospital 
patients for HIV is regarded as unacceptable and im- 
practical. Anaesthetists should therefore assume that 
all patients potentially carry blood-borne diseases and 
precautions should be taken with all patients. 
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The following precautions are recommended to re- 
duce the risks of transmission of HIV and other blood- 
borne diseases. These precautions are largely the same 
as those for reducing the risk of hospital-acquired in- 
fections for the patient. 


= Gloves must be worn during induction of anaes- 
thesia, performance of venepuncture or insertion 
of any intravascular cannula, and during inser- 
tion or removal of airways and tracheal tubes; 
this should be a routine when dealing with any 
patient. A plastic apron, mask and eye protection 
should be worn if substantial spillage of blood is 
anticipated, e.g. during insertion of an arterial 
cannula. Gloves should normally be discarded on 
taking the patient into the operating theatre and 
a fresh pair donned when any of these procedures 
is carried out during or at the end of anaesthesia. 

= Equipment, notes and other articles must not be 
handled with contaminated gloves. 

m Needles which have been in contact with the pa- 
tient must not be resheathed or handed from one 
person to another. 

m Cuts or abrasions on the anaesthetist’s hands 
should be covered with a waterproof dressing. 
An anaesthetist with considerable skin lesions, 
such as eczema, chapping or several scratches, is 
particularly at risk of being infected. 

= If aneedlestick injury or contamination of a cut or 
abrasion occurs, bleeding should be encouraged and 
the skin washed thoroughly with soap and water. 

m Advice should be obtained immediately from 
the hospital’s occupational health department if 
there is reason to believe that contamination has 
occurred. Post-exposure prophylaxis following 
potential HIV exposure should be started within 
one hour of injury. 

m Disposable equipment should be used where 
possible. Non-disposable equipment should be 
decontaminated with 2% glutaraldehyde, washed 
with soap and water and left in glutaraldehyde 
for a further 3h. Contaminated floors and sur- 
faces should be washed with 1% hypochlorite 
solution. Gloves must be worn. 


There have been a number of instances in which 
items of disposable equipment, e.g. angle-pieces and 
catheter mounts, have been re-used, but in which 
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the lumen has become obstructed, probably acciden- 
tally, by other items of equipment kept in the anaes- 
thetic room. Equipment intended for single use must 
be discarded after use; re-usable equipment should 
be checked carefully to ensure that it is functioning 
correctly. 

It is standard practice that a bacterial filter should be 
placed between the tracheal tube or airway and the an- 
aesthetic breathing system in all patients to prevent cross- 
infection from a patient with undiagnosed infection. 

In some countries, and particularly the UK, there has 
been increasing concern in recent years about the possi- 
bility of transmission of the prion responsible for the de- 
velopment of variant Creutzfeldt-Jakob disease (vCJD), 
attributed to infection from cows affected by bovine 
spongiform encephalitis (BSE). In infected patients, 
the prion is believed to be present in high concentra- 
tions in the tonsils. It is resistant to conventional meth- 
ods of cleaning or sterilizing equipment. Consequently, 
hospitals in the UK have taken steps to stop the use of 
non-disposable items of equipment which could come 
in contact with structures in the pharynx. These items 
include laryngoscopes, bougies and laryngeal mask air- 
ways, and single-use devices have been introduced. 


Prevention of Hospital-Acquired Infection 


Anaesthetists are responsible for patients when they 
are at significant risk of hospital-acquired infection 
both at the operative site and through invasive proce- 
dures. There is some evidence linking better outcomes 
for patients with improved hand hygiene practice 
amongst anaesthetists. 

Effective hand hygiene is the single most important 
measure to reduce the risk of infection of patients. All 
anaesthetic rooms and operating theatres should have 
ready access to hand-washing sinks, antiseptic hand- 
rubs and clean gloves. The anaesthetist has a respon- 
sibility to comply with hand hygiene policies in their 
work place. Typically these include the following: 


m Washing hands with soap and water at the start 
of the day, after eating or drinking, visiting the 
toilet or if hands are visibly soiled. 

= Frequent hand hygiene with an appropriate agent 
(often antiseptic hand-gel) whenever there is the 
possibility of cross-contamination. Of particular 
relevance to the anaesthetist is the risk of transfer 
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of organisms around the airway to intravascular 
devices. 

m Washing/cleaning hands between patients — 
particularly after handover in recovery. 


A good handwashing technique is a key compo- 
nent. The six-stage technique is recommended due to 
the frequency with which areas are missed with less 
rigorous handwashing. 


= Wet hands with water (if using soap and water) 
= Apply enough soap and handwash or hand-gel to 
cover all hand surfaces 

1. Rub hands palm to palm 

2. Right palm over the other hand with inter- 
laced fingers and vice versa (back of hands) 

3. Palm to palm with fingers interlaced (be- 
tween the fingers) 

4. Backs of fingers to opposing palms with fin- 
gers interlocked (backs of fingers) 

5. Rotational rubbing of left thumb clasped in 
right palm and vice versa (thumbs) 

6. Rotational rubbing, backwards and forwards 
with clasped fingers of right hand in left palm 
and vice versa (finger tips). 

m Rinse hands with water (if relevant) 

m Dry thoroughly with towel (if using water )/allow 
to air-dry 

= Duration of procedure: at least 15 seconds. 


The anaesthetist should also wear clean, disposable 
gloves for all procedures where he/she is exposed to 
body fluids (e.g. cannulation, airway management). 
This is mainly for the protection of the anaesthetist. It 
is important that these gloves are removed promptly to 
avoid cross-contamination. 

There is some evidence that drugs drawn up and 
administered by anaesthetists may not be sterile by 
the time they reach the patient. This break in sterility 
may occur at any point in the preparation, storage and 
administration process. Anaesthetists must therefore 
ensure that they have a process which actively avoids in- 
advertent contamination of syringes and their contents. 


Noise 


Noise in the operating theatre should be kept to a 
minimum. Patients in the anaesthetic room before 
induction of anaesthesia may be made more anxious 


by boisterous laughter or loud conversation coming 
from the operating theatre. Similarly, as patients re- 
cover consciousness after the operation, undue noise 
is undesirable. 

Surgeons and operating theatre staff may enjoy lis- 
tening to music during surgery, and it is not uncom- 
mon for sound systems to be installed in operating 
theatres. The anaesthetist must ensure that sounds 
from the monitoring system, e.g. the tone indicating 
arterial oxygen saturation and the sounds of alarms, 
can be heard, either by turning up the volume of tones 
from the monitoring system or turning down the vol- 
ume of the sound system. 

The evidence regarding beneficial or detrimental 
effects of music in theatre is mixed. There are clearly 
times when it may hinder the ability of staff to concen- 
trate or monitor the patient. Conversely, there may be 
times when it is an aid to concentration. 


Equipment Checks 


Anaesthetic equipment should be up to date, main- 
tained regularly and the instruction manuals should be 
available and accessible. Monitoring apparatus should 
be in accordance with contemporary guidelines. 
Appropriate alarm limits must be set, and alarms must 
not be permanently disabled. An equipment check 
must be performed before an operating theatre session 
begins because a frequent cause of misadventure is the 
use of a machine which has not been checked properly, 
and which malfunctions. An adequate check of anaes- 
thetic apparatus is an integral part of good practice; 
failure to check the anaesthetic equipment properly 
may amount to malpractice. 

Operating theatre staff usually carry out checks 
when setting up an operating theatre for use, or after 
apparatus has been serviced or repaired, but the ul- 
timate responsibility for ensuring that the apparatus 
is safe for its intended use rests with the anaesthetist. 
Sophisticated tests may have been performed after ma- 
jor servicing, but key control settings may have been 
altered and it is essential that the anaesthetist checks 
that the equipment is in proper working order and 
ready for clinical use. The final pre-use check is the 
sole responsibility of the anaesthetist who is to use the 
machine. It cannot be delegated to any other person. 

There is no justification for proceeding with an 
anaesthetic when faults have been identified in the 


THE OPERATING THEATRE SUITE 435 


equipment. If there is no record of an adequate preop- 
erative check of equipment and a problem occurs as a 
result of equipment failure, it is very difficult to defend 
an allegation of negligence. 

At its most basic, the function of an anaesthetic ma- 
chine is to enable the anaesthetist to administer to a 
patient oxygen under pressure without leaks. If all else 
fails, this allows the anaesthetist to preserve life. 

Anaesthetic apparatus should be checked be- 
fore the start of each operating session in a logical 
sequence as recommended in the AAGBI checklist 
shown in Tables 20.4 and 20.5. Further checks shown 
in Table 20.6 should be undertaken between cases. The 
primary intention of the check of the anaesthetic ma- 
chine is to ensure that it is safe to use and to deliver 
gases under pressure without leaks. These checklists are 
available as laminated cards, intended to be attached to 
all anaesthetic machines in the UK and Ireland. 

In most industries in which complex equipment is 
used, full training is provided for users. It is not accept- 
able for anaesthetists to assume that they intuitively 
understand an anaesthetic machine which they have 
not used before. Those new to the speciality require 
detailed instruction and training in the use of anaes- 
thetic equipment, but even experienced anaesthetists 
need tuition in the use of new equipment. 


Alternative Means of Ventilation 


The early use of an alternative means of ventilation (a 
self-inflating bag which does not rely on a source of oxy- 
gen to function) may be life-saving. A self-inflating bag 
must be immediately available in any location where an- 
aesthesia might be given. An alternative source of oxy- 
gen should also be readily available. 


Perform Manufacturer’s Machine Check 


Modern anaesthesia workstations may perform many 
of the following checks automatically during start-up. 
Anaesthetists must know which are included and en- 
sure that the automated check has been performed. 


Power Supply 


The anaesthetic workstation and relevant ancillary 
equipment must be connected to the mains electri- 
cal supply (where appropriate) and switched on. The 
anaesthetic workstation should be connected directly 
to the mains electrical supply, and only correctly 
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TABLE 20.4 


The Association of Anaesthetists of Great Britain and Ireland Checklist for Pre-Session Checking 
of Anaesthetic Equipment 


Checklist for Anaesthetic Equipment 2012 
AAGBI Safety Guideline 


Checks at the start of every operating session 
Do not use this equipment unless you have been trained 


Check self-inflating bag available 


Perform manufacturer’s (automatic) machine check 


Power supply = Plugged in 
m Switched on 


m Back-up battery charged 


Gas supplies and suction m Gas and vacuum pipelines - ‘tug test’ 
= Cylinders filled and turned off 
= Flowmeters working (if applicable) 
= Hypoxic guard working 
m Oxygen flush working 


m Suction clean and working 


Breathing system = Whole system patent and leak-free using ‘two-bag’ test 
m Vaporizers - fitted correctly, filled, leak-free, plugged in (if necessary) 
m Soda lime - colour checked 
m Alternative systems (e.g. Bain, T-piece) - checked 


m Correct gas outlet selected 


Ventilator m Working and configured correctly 
Scavenging m Working and configured correctly 
Monitors m Working and configured correctly 


= Alarms limits and volume set 


Airway equipment m Full range required working, with spares 


RECORD THIS CHECK IN THE PATIENT RECORD 


Don’t Forget! = Self-inflating bag 
= Common gas outlet 
= Difficult airway equipment 
= Resuscitation equipment 


= TIVA and/or other infusion equipment 


This guideline is not a standard of care. The ultimate judgement with regard to a particular clinical procedure or treatment plan must be made 
by the clinician in the light of the clinical data presented and the diagnostic and treatment options available. 

© The Association of Anaesthetists of Great Britain and Ireland 2012. 

Adapted from Checking Anaesthetic Equipment 2012, with permission. 


rated equipment connected to its electrical outlets. 
Multisocket extension leads must not be plugged into 


Anaesthetists should know what is available where they 
are working. Back-up batteries for anaesthetic ma- 


the anaesthetic machine outlets or used to connect the 
anaesthetic machine to the mains supply. 

Hospitals should have back-up generators and many 
operating theatres have their own back-up system. 


chines and other equipment should be charged. 
Switch on the gas supply master switch (if one is 
fitted). 
Check that the system clock (if fitted) is set correctly. 


TABLE 20.5 


The Association of Anaesthetists of Great 
Britain and Ireland ‘Two-Bag’ Test 


THE TWO-BAG TEST 


A two-bag test should be performed after the breathing system, 
vaporizers and ventilator have been checked individually 


1. Attach the patient end of the breathing system (including 
angle piece and filter) to a test lung or bag. 


2. Set the fresh gas flow rate to SLmin“' and ventilate 
manually. Check that the whole breathing system is patent 
and that the unidirectional valves are moving. Check the 
function of the APL valve by squeezing both bags. 


3. Turn on the ventilator to ventilate the test lung. Turn off the 
fresh gas flow, or reduce to a minimum. Open and close 
each vaporizer in turn. There should be no loss of volume in 
the system. 


Adapted from Checking Anaesthetic Equipment 2012, with permission. 


TABLE 20.6 


The Association of Anaesthetists of Great 
Britain and Ireland Checklist for Checking 
Anaesthetic Equipment between Cases 


CHECKS BEFORE EACH CASE 


Breathing system = Whole system patent and leak-free 
using ‘two-bag’ test 
= Vaporizers - fitted correctly, filled, 
leak-free, plugged in (if necessary) 
m Alternative systems (e.g. Bain, 
T-piece) - checked 


m Correct gas outlet selected 


Ventilator m Working and configured correctly 

Airway equipment = Full range required working, with 
spares 

Suction m Clean and working 


Adapted from Checking Anaesthetic Equipment 2012, with permission. 


Gas Supplies and Suction 


On some workstations, it is necessary to disconnect the 
oxygen pipeline in order to check the correct function 
of the oxygen failure alarm, although on machines with 
a gas supply master switch, the alarm may be operated 
by turning the master switch off. Repeated disconnec- 
tion of gas hoses may lead to premature failure of the 
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Schrader socket and probe, and current guidelines rec- 
ommend that the regular pre-session check of equip- 
ment includes a ‘tug test’ to confirm correct insertion 
of each pipeline into the appropriate socket. It is also 
recommended that the oxygen failure alarm is checked 
once a week by disconnecting the oxygen pipeline 
with the oxygen flowmeter turned on. The alarm must 
sound for at least 7s. Oxygen failure warning devices 
are also linked to a gas shut-off device. Anaesthetists 
must be aware of both the tone of the alarm and also 
which gases will continue to flow on the anaesthetic 
machine in use. 


Suction 


The suction apparatus should be checked to ensure that 
it is clean, functioning, that all connections are secure 
and that an adequate negative pressure is generated. 


Medical Gas Supplies 


Identify the gases which are being supplied by pipe- 
line, confirming with a ‘tug test’ that each pipeline is 
correctly inserted into the appropriate gas supply ter- 
minal. Only gentle force is required; excessive force 
during a ‘tug test’ may damage the pipeline or gas sup- 
ply terminal. 

It is essential to check that the anaesthetic machine 
is connected to a supply of oxygen and that an ade- 
quate reserve supply of oxygen is available from a spare 
cylinder. It is also necessary to check that adequate 
supplies of any other gases intended for use are avail- 
able and connected. All cylinders should be securely 
seated and turned off after checking their contents. 

Carbon dioxide cylinders should not be present on 
the anaesthetic machine. If a blanking plug is supplied, 
it should be fitted to any empty cylinder yoke. 

All pressure gauges for pipelines connected to the 
anaesthetic machine should indicate a pressure of 
400-500 kPa. 

If flowmeters are present, their function should 
be checked, ensuring that each control valve operates 
smoothly and that the bobbin moves freely through- 
out its range without sticking. If nitrous oxide is to be 
used, the anti-hypoxia device should be tested by first 
turning on the nitrous oxide flow and ensuring that at 
least 25% oxygen also flows. The oxygen flow should 
then be turned off to check that the nitrous oxide flow 
also stops. The oxygen flow should be turned back 
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on, the nitrous oxide flow should be turned off and 
a check should be made that the oxygen analyser dis- 
play approaches 100%. Turn off all flow control valves. 
Machines fitted with a gas supply master switch will 
continue to deliver a basal flow of oxygen. 

The emergency oxygen bypass control should be 
operated to ensure that flow occurs from the gas outlet 
without a significant decrease in the pipeline supply 
pressure. It is important to ensure that the emergency 
oxygen bypass control ceases to operate when released; 
there is a risk of awareness if it continues to operate. 


Breathing System and Vaporizers 


All breathing systems which are to be used must be 
checked and a ‘two-bag test’ performed before use 
(Table 20.5). Breathing systems should be inspected 
visually for correct configuration and assembly. All 
connections within the system and to the anaesthetic 
machine should be checked to ensure that they are 
secured by ‘push and twist’. Ensure that there are no 
leaks or obstructions in the reservoir bags or breath- 
ing system and that they are not obstructed by for- 
eign material. A pressure leak test (between 20 and 
60 cmH,O) should be performed on the breathing 
system by occluding the patient end and compressing 
the reservoir bag. 

Manual leak testing of vaporizers was previously 
recommended routinely. It should only be performed 
on basic ‘Boyle machines because it may be harm- 
ful to modern anaesthetic workstations. Refer to the 
manufacturer’s recommendation before performing 
a manual test. 

Check that vaporizers for the required volatile 
agents are fitted correctly to the anaesthetic machine, 
that any locking mechanism is fully engaged and that 
the control knobs rotate fully through the full ranges. 
Check that the vaporizers are adequately filled but not 
overfilled, and that the filling port is tightly closed. 
Vaporizers must always be kept upright. Tilting a va- 
porizer can result in delivery of dangerously high con- 
centrations of vapour. 

All vaporizers must be turned off after they have 
been checked. 


Manual Leak Test of Vaporizer. A flow rate of oxy- 
gen of 5Lmin™ should be set and, with the vapor- 
izer turned off, the common gas outlet should be 


temporarily occluded. There should be no leak from 
any part of the vaporizer, and the flowmeter bobbin (if 
present) should dip. 

If more than one vaporizer is present, turn each one 
on in turn and repeat this test. After the tests, ensure 
that the vaporizers and flowmeters are turned off. 

It may be necessary to change a vaporizer during 
use although this should be avoided if at all possible. If 
a change is necessary, repeat the leak test because fail- 
ure to do so is a common cause of critical incidents. 
Some anaesthetic workstations automatically test the 
integrity of vaporizers. 

It is only necessary to remove a vaporizer from 
a machine to refill it if the manufacturer recom- 
mends this. 


Carbon Dioxide Absorber 


The contents and connections should be checked to 
ensure that there is an adequate supply of carbon di- 
oxide absorbent and that it is of an appropriate colour. 


Alternative Breathing Systems 


If a co-axial system is in use, an occlusion test should 
be performed on the inner tube and a check should be 
made that the adjustable pressure limiting (APL) valve, 
where fitted, can be fully opened and closed. 


Correct Gas Outlet 


Special care must be exercised if the anaesthetic ma- 
chine incorporates an auxiliary common gas outlet 
(ACGO). Incidents of patient harm have resulted from 
misconnection of a breathing system to an ACGO or 
mis-selection of the ACGO. 

Whenever a breathing system is changed, either 
during a case or a list, its integrity and correct configu- 
ration must be confirmed. This is particularly impor- 
tant for paediatric lists when breathing systems may be 
changed frequently during an operating list. 


Ventilator 


It is important to check that the ventilator is config- 
ured correctly for its intended use and that the venti- 
lator tubing is attached securely. The controls should 
be set according to the intended use of the ventilator 
and the system should be checked to ensure that ad- 
equate pressure is generated during the inspiratory 
phase. Ventilator alarms should be checked to ensure 


that they are working and correctly configured. The 
pressure relief valve should be checked to ensure that it 
functions correctly at the set pressure. 


Two-Bag Test 


A two-bag test should be performed after the breathing 
system, vaporizers and ventilator have been checked 
individually (see Table 20.5). Breathing systems should 
be protected with a test lung or bag when not in use to 
prevent intrusion of foreign bodies. 


Scavenging 


The anaesthetic gas scavenging system should be 
checked to ensure that it is switched on and function- 
ing, and that the tubing is attached to the appropriate 
exhaust port of the breathing system, ventilator or an- 
aesthetic workstation. 


Monitoring Equipment 

Before using the anaesthetic machine, all monitor- 
ing devices must be checked to ensure that they are 
functioning and that appropriate parameters and 
alarms have been set. This includes the cycling times, 
or frequency of recordings, of automatic non-invasive 
blood pressure monitors. Gas sampling tubing must be 
properly attached and free from obstruction or kinks. 
It is particularly important to check that the oxygen 
analyser, pulse oximeter and capnograph are function- 
ing correctly and that appropriate alarm limits are set. 


Airway Equipment 

This includes bacterial filters, catheter mounts, connec- 
tors and tracheal tubes, laryngeal mask airways, etc. These 
should all be available in the appropriate sizes for patients 
on the operating list and must be checked for patency. 

A new, single-use bacterial filter and angle piece/ 
catheter mount must be used for each patient. It is im- 
portant that these are checked for patency and flow, 
both visually and by ensuring that gas flows through 
the whole assembly when connected to the breathing 
system. This check must occur whenever new airway 
equipment is provided, and is a standard part of the 
WHO checklist for every patient. 

Appropriate laryngoscopes must be available 
and checked to ensure that they function reliably. 
Equipment for the management of the anticipated 
or unexpected difficult airway must be available and 
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checked regularly in accordance with departmental 
policies. The anaesthetist and anaesthetic assistant 
should both be aware of the location of the nearest 
‘difficult airway’ trolley. 


Single-Use Devices 


Any part of the breathing system, ancillary equipment 
or other apparatus that is designated ‘single-use’ must 
be used for one patient only, and not reused. Packaging 
should not be removed until the point of use, for infec- 
tion control, identification and safety. 


Total Intravenous Anaesthesia (TIVA) 


When TIVA is used, there must be a continuous intra- 
venous infusion of anaesthetic agent or agents; inter- 
ruption from whatever cause may result in awareness. 
A thorough equipment check is therefore the most 
important step in minimizing the incidence of aware- 
ness. Anaesthetists using TIVA must be familiar with 
the drugs, the technique and all equipment and dis- 
posables being used. 

The following recommendations have been made 
to minimize the risks of awareness during TIVA. 


1. An anti-reflux/non-return valve should always 
be used on the intravenous fluid infusion line 
when administering TIVA to prevent accumula- 
tion of drug in the fluid infusion tubing. 

2. Sites of intravenous infusions should be visible 
so that they can be monitored for disconnection, 
leaks or subcutaneous leakage. 

3. The anaesthetist must know how to use, and to 
check, the equipment before use. 

4. Hospitals should give preference to purchasing 
intravenous connectors and valves which are 
clearly labelled. 


Ancillary and Resuscitation Equipment 


The patient’s trolley, bed or operating table must be ca- 
pable of being placed rapidly into a head-down position; 
as with all equipment, the anaesthetist must be familiar 
with the operating mechanism before anaesthesia starts. 

A resuscitation trolley and defibrillator must be 
available in all locations where anaesthesia is given and 
checked regularly in accordance with local policies. 
Equipment and drugs for rarely encountered emer- 
gencies, such as malignant hyperthermia and local 
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anaesthetic toxicity, must be available and checked 
regularly in accordance with local policies. The loca- 
tion of these must be clearly signed. 


Machine Failure 


In the event of failure, some modern anaesthetic work- 
stations may default to little or no flow, or oxygen only 
with no vapour. The anaesthetist must know the default 
setting for the machine in use. Alternative means of oxy- 
genation, ventilation and anaesthesia must be available. 


‘Shared Responsibility’ Equipment 


As a member of the theatre team, the anaesthetist has 
shared responsibility for the safe use of other equip- 
ment, e.g. diathermy, intermittent compression stock- 
ings, warming devices, cell salvage and tourniquets, and 
should have received appropriate training. Involvement 
with this equipment, especially ‘troubleshooting’ prob- 
lems which arise intraoperatively, must not be allowed 
to distract anaesthetists from their primary role. 


Recording and Audit 


A clear note must be made in the patient’s anaesthetic 
record that the anaesthetic machine check has been 
performed, that appropriate monitoring is in place and 
functional, and that the integrity, patency and safety of 
the whole breathing system has been assured. A log- 
book should also be kept with each anaesthetic ma- 
chine to record the daily pre-session check and weekly 
check of the oxygen failure alarm. Modern anaesthesia 
workstations may record electronic self-tests inter- 
nally. Such records should be retained for an appropri- 
ate time. Documentation of the routine checking and 
regular servicing of anaesthetic machines and patient 
breathing systems should be sufficient to permit audit 
on a regular basis. 


Recovery 


There must be clear departmental procedures for the 
daily and other checks of equipment which is used 
in recovery. This may also include pre-use checks of 
patient-controlled analgesia and epidural pumps, etc. 


Emergencies 


Some eventualities are unpredictable. There are many 
action plans available to guide anaesthetists during 
emergency situations, and these protocols, guidelines 


and action plans should be displayed prominently in 
the operating theatre suite. 


Recovery Room/Post-Anaesthesia Care 

Unit 

A recovery room or ward is an essential requirement in 
the operating theatre. All patients require close surveil- 
lance in the immediate postoperative period and, after 
major surgery or in vulnerable patients, for up to 24h. 

The recovery room should be an integral part of the 
operating theatre suite and should be located within 
the clean area. Department of Health guidelines sug- 
gest that there should be 1.5 places in the recovery area 
for each operating theatre, although a greater number 
may be required for surgery with a high turnover, e.g. 
gynaecology or day-case surgery. Each place requires a 
minimum floor area of approximately 10 m?, and there 
must be sufficient space to move a patient without dis- 
turbing the others in the room. 

It is appropriate for many patients to lie on a trolley 
in the recovery room, but beds should be available for 
those who are likely to stay for more than 30—45 min, 
e.g. patients who have undergone major surgery, or 
ASA (American Society of Anesthesiologists) grade III 
or IV patients who may require prolonged observa- 
tion even after minor surgery. Each place should have 
piped oxygen and suction outlets on the wall, with an 
oxygen flowmeter and suction apparatus attached to 
a wall rail. Lighting should conform to the same stan- 
dards as apply to the operating theatre, and additional 
spotlights should be provided. It is not common prac- 
tice in the UK to monitor the electrocardiogram in all 
patients in the recovery ward, but oxygen saturation 
and blood pressure should be monitored routinely and 
the facility to monitor ECG and invasive arterial blood 
pressure should be available. Most large recovery areas 
have two or three places which are fully equipped with 
piped nitrous oxide, a mechanical ventilator and com- 
plete cardiovascular monitoring facilities. 

An anaesthetic machine, a defibrillator, and equip- 
ment and drugs for resuscitation must be available in 
the recovery room. Oxygen is usually administered by 
disposable face mask, but each place should have a self- 
inflating resuscitation bag and anaesthetic mask. 

Drug cupboards and storage space for equipment 
should be provided as well as dedicated telephones. 
Nursing staff spend most of their time with the patient, 


but require a nursing station at which notes may be 
written and from which wards can be contacted by tele- 
phone. At least one nurse is required for each three bed 
spaces. At present, specific training in the UK for recov- 
ery room nurses is somewhat haphazard. Student nurses 
may receive as little as 1 week of training in this area. 

In many hospitals, it is possible to provide super- 
vision of patients in the recovery ward for up to 24h 
after major surgery, although it is now usual for pa- 
tients who require close supervision for more than a 
few hours to be transferred to a high-dependency unit. 

Clinical aspects of recovery room care are discussed 
in Chapter 40. 


High-Dependency Unit 

A high-dependency unit is an area for patients who 
require more invasive observation, treatment and 
nursing care than can be provided on a general ward. 
It would not normally accept patients requiring me- 
chanical ventilation, but could manage those who re- 
quire invasive monitoring. A survey conducted by the 
AAGBI in the 1990s indicated that many intensive care 
units admitted patients who could have been managed 
appropriately in a high-dependency unit. An unknown 
number of patients return from the recovery area to 
a general ward requiring monitoring or an intensity 
of nursing or medical care which cannot be provided 
safely in that location. 

The facilities required to provide high-dependency 
care vary. Essential features are a high nurse-to-patient 
ratio, provision of piped oxygen and suction at every 
bed, and appropriate monitoring equipment. Protocols 
must be in place for admission and discharge crite- 
ria, and medical staffing must be clearly defined. In 
large hospitals, several units may be desirable, each 
dedicated to the care of specific groups of patients; in 
smaller hospitals, a single, multi-user unit may be more 
appropriate. 


Procedure Rooms 


With an increasing use of regional blocks as the sole 
mode of anaesthesia, many theatre suites now have 
dedicated ‘block rooms.’ These should be of the same 
standard as an anaesthetic room, with appropriate gas 
supplies, monitoring equipment and access to resus- 
citation facilities. Due consideration should be given 
to providing privacy in these rooms as more than one 
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patient may be present at a time. Appropriate assis- 
tance for the anaesthetist must be present at all times. 


Other Accommodation 


Storage space is required for large items of equipment. 
In most modern operating theatre suites, instruments 
are sterilized in a separate department, which is not al- 
ways on-site. 

Near-patient testing of a variety of blood tests is 
now available and most theatre suites provide these in 
a single location. Arterial blood gas analysis and mea- 
surement of serum electrolyte concentrations is es- 
sential, especially if major surgery is to be undertaken, 
and if the equipment is not available in theatre then it 
should be readily available in an adjacent ITU. 

The theatre coordinator needs adequate facili- 
ties for the smooth administration of theatres which 
should be accessible to non-theatre staff for the book- 
ing of cases and discussion of requirements. 

Staff accommodation includes changing rooms and 
rest rooms. There should be facilities for staff to take 
their breaks. Theatre team leaders need office accom- 
modation for their non-clinical time. Ideally, there 
should be a tutorial or seminar room for staff training. 
Some theatre suites incorporate offices for the anaes- 
thetic department. 


Other Anaesthetizing Locations 


The anaesthetist is often required to work in areas 
outside the operating theatre suite. Many hospitals 
have peripheral theatres for some types of surgery, 
e.g. a self-contained day-case unit or treatment cen- 
tre. In addition, patients may require anaesthesia in 
the emergency department, the radiology and ra- 
diotherapy departments or, in some instances (e.g. 
paediatric oncology), the side room of a ward. In 
these circumstances, where conditions are fre- 
quently not ideal, it is essential that the same pre- 
cautions are taken as in the operating theatre suite 
to ensure that the identity of the patient and the 
nature of the proposed procedure are checked, that 
equipment is functioning correctly, that skilled 
help for the anaesthetist is available and that recov- 
ery facilities and staff are satisfactory. It is wise to 
avoid sending junior and inexperienced anaesthe- 
tists to these remote locations without direct senior 
supervision. 
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Ancillary Staff 


Skilled and dedicated help should be available to the 
anaesthetist at all times. In the majority of hospitals 
in the UK, this is provided by operating department 
practitioners (ODPs), who undergo a 2-year train- 
ing programme in recognized institutions and are 
required to sit examinations. In some hospitals, an- 
aesthetic nurses assist the anaesthetist. It is impor- 
tant to differentiate between anaesthetic nurses and 
the nurse anaesthetists who are trained to deliver 
anaesthesia in some countries (e.g. CRNAs in the 
USA). The anaesthetic nurse performs essentially 
the same functions as the ODP. These include the 
following: 


m Preparation and preliminary checking of equip- 
ment. It should be stressed that this does not ab- 
solve the anaesthetist from the responsibility of 
checking the equipment fully before an operating 
list is started. 

m Alleviation of anxiety by reassurance and con- 
stant communication with the patient while 
awaiting anaesthesia. 

= Checking the correct identity of the patient and 
participating in the WHO checklist procedures. 
It is the responsibility of the surgeon to ensure 
that the appropriate procedure is undertaken on 
the correct patient, but the anaesthetist must also 
confirm the identity of the patient and, as far as 
is possible, confirm that the surgeon is perform- 
ing the correct operation. This is one of the many 
reasons why the anaesthetist must see every pa- 
tient preoperatively. 

m Preparation of intravenous infusions, cardiovas- 
cular monitoring transducers, etc. 

m Assistance during anaesthesia, particularly dur- 
ing induction, when special manoeuvres such 
as cricoid pressure may be required, and after 
transfer to the operating theatre to assist in re- 
establishment of monitoring. 

m Assistance in positioning the patient for local or 
regional blocks. 

m Assistance in obtaining drugs or equipment if 
complications arise during anaesthesia. 

m Assistance in the immediate postoperative pe- 
riod before the patient is transferred to the re- 
covery room. 


The ODP or anaesthetic nurse should never be left 
alone with an anaesthetized patient unless a dire emer- 
gency requires the anaesthetist’s presence elsewhere. 


Physicians’ Assistants (Anaesthesia 
ly: 


Physicians’ assistants (anaesthesia) (PA(A)s) are fully 
trained professionals who have completed a specific 
postgraduate diploma. They work under the direc- 
tion and supervision of a consultant anaesthetist at 
all times, often in a 2:1 model where one consultant 
supervises two theatres with a trainee and a PA(A) or 
two PA(A)s. They are allowed to provide anaesthesia 
without an anaesthetist present but overall respon- 
sibility for the care of the patient remains with the 
supervising consultant anaesthetist. Their role is to 
improve theatre utilization through reductions in the- 
atre downtime, assisting with preoperative assessment 
and regional anaesthesia. However, for every case, the 
supervising consultant anaesthetist must: 


= be present in the theatre suite, must be eas- 
ily contactable and must be available to attend 
within 2 min of being requested to attend by the 
PA(A) 

m be present in the anaesthetic room/operating 
theatre during induction of anaesthesia 

m regularly review the intraoperative anaesthetic 
management 

m be present during emergence from anaesthesia 
until the patient has been handed over safely to 
the recovery room staff 

m remain in the theatre suite until control of airway 
reflexes has returned and artificial airway devices 
have been removed, or the ongoing care of the 
patient has been handed on to other appropri- 
ately qualified staff, e.g. in the intensive care unit. 


Individual departments of anaesthesia are responsible 
for precise details of the scope of practice for PA(A)s. 
At present, they are not allowed to prescribe drugs but 
may administer drugs using locally developed patient- 
specific tools. At qualification, PA(A)s are not qualified 
to undertake regional anaesthesia, obstetric or paedi- 
atric practice or initial airway assessment/management 
of the acutely unwell or injured patient unless they are 
the first team members to arrive. Following extended 
training, PA(A)s have taken on some of these roles 
safely. 
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he conduct of anaesthesia is planned after de- 
tails concerning the surgical procedure and the medi- 
cal condition of the patient have been obtained at the 
preoperative visit. Preoperative assessment and selec- 
tion of appropriate premedication are discussed in 
Chapter 17. 


PREPARATION FOR ANAESTHESIA 


Before starting, consideration should be given to in- 
duction and maintenance of anaesthesia, the position 
of the patient on the operating table, the equipment 
necessary for monitoring, the use of intravenous (i.v.) 
fluids or blood for infusion and the postoperative care 
and recovery facilities that will be required. 

The anaesthetic machine must be tested before 
use for leaks, misconnections and proper function. 
A checklist, e.g. that published by the Association 
of Anaesthetists of Great Britain and Ireland 
(AAGBI 2004), is recommended. This is discussed in 
Chapter 20. The breathing system to be used should be 
new for each patient, or a new filter of appropriate size 
for each patient should be placed between the patient 
and the system, according to the AAGBI recommenda- 
tions (2008). 

The availability and function of all anaesthetic 
equipment should be checked before starting (see 
Table 21.1). The anaesthetist should be satisfied that 
the correct operation is being performed upon the 
correct patient and that consent has been given. 
Surgical Safety checklists are available for all the the- 
atre team. The patient must be on a tilting bed or 
trolley and the anaesthetist should have a competent, 
trained assistant. 
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THE PRACTICAL CONDUCT 
OF ANAESTHESIA 


INDUCTION OF ANAESTHESIA 


Anaesthesia is induced using one of the following 
techniques: 


Inhalational Induction 


The most common indications for inhalational induc- 
tion of anaesthesia are listed in Table 21.2. 

The proposed procedure should be explained to the 
patient before starting. A technique using a cupped 
hand around the fresh gas delivery tube may be pre- 
ferred for young children, otherwise a face mask is 
used. The mask or hand is introduced gradually to the 
face from the side; the use of a transparent perfumed 
mask can render the procedure less unpleasant. While 
talking to the patient and encouraging normal breath- 
ing, the anaesthetist adjusts the mixture of the fresh 
gas flow and observes the patient’s reactions. Initially, 
nitrous oxide 70% in oxygen is used and anaesthesia 
is deepened by the gradual introduction of incre- 
ments of a volatile agent, e.g. sevoflurane which can 
can be increased up to an inspired concentration of 
6%. Maintenance concentrations of isoflurane (1-2%) 
or sevoflurane (2—3%) are used when anaesthesia has 
been established. 

A single-breath technique of inhalational induction 
has been advocated for patients who are able to coop- 
erate. One vital capacity breath from a prefilled 4L res- 
ervoir bag containing a high concentration of volatile 
agent (e.g. sevoflurane 8%) in oxygen (or nitrous oxide 
50% in oxygen) results in smooth induction of anaes- 
thesia within 20-305. 

Observation of the colour of the patient’s skin and 
pattern of ventilation, palpation of the peripheral 


TABLE 21.1 


Equipment Required for Tracheal Intubation 


Correct size of laryngoscope and spare (in case of light failure) 


Tracheal tube of correct size +an alternative smaller size 


Tracheal tube connector 


Wire stilette 


Gum elastic bougies 


Magill forceps 
Cuff-inflating syringe 


Artery forceps 


Securing tape or bandage 


Catheter mount(s) 


Local anaesthetic spray - 4% lidocaine 


Cocaine spray/gel for nasal intubation 


Tracheal tube lubricant 


Throat packs 


Anaesthetic breathing system and face masks - tested with O, 
to ensure no leaks present 


TABLE 21.2 


Indications for Inhalational Induction 


Young children 


Upper airway obstruction, e.g. epiglottitis 


Lower airway obstruction with foreign body 


Bronchopleural fistula or empyema 


No accessible veins 


pulse, ECG and SpO, monitoring, and measurement 
of arterial pressure are important accompaniments to 
the technique of inhalational induction. 

If spontaneous ventilation is to be maintained dur- 
ing the procedure, airway patency is ensured by use of 
an oropharyngeal airway, a laryngeal mask airway or 
a tracheal tube once anaesthesia has been established. 


Complications and Difficulties 


= Slower induction of anaesthesia 

= Problems particularly during stage 2 of anaesthe- 
sia (see below) 

m Airway obstruction, bronchospasm 
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= Laryngeal spasm, hiccups 
= Environmental pollution. 


Intravenous Induction 


Induction of anaesthesia with an i.v. agent is suitable 
for most routine purposes and avoids many of the com- 
plications associated with the inhalational technique. It 
is the most appropriate method for rapid induction of 
the patient undergoing emergency surgery, in whom 
there is a risk of regurgitation of gastric contents. All 
drugs which may be required at induction should be 
prepared, and a cannula inserted into a suitable vein. 
The anaesthetist should wear rubber gloves for this and 
for other procedures such as airway manipulations and 
insertion of an airway or tracheal tube. 

If an existing i.v. cannula is to be used, its function 
must be checked. Cannulae with a side injection port 
(Venflon type) are useful; large cannulae (e.g. 16G, 14G) 
are necessary for transfusion of fluids or blood. A vein 
in the forearm or on the back of the hand is preferable; 
veins in the antecubital fossa should be avoided because 
of the risks of intra-arterial injection and problems with 
elbow flexion. After selection of a suitable vein and skin 
preparation with 2% chlorhexidine in alcohol, subcuta- 
neous local anaesthetic can be used . Alternatively, local 
anaesthetic cream (‘EMLA or ‘Ametop’ ) may have been 
applied preoperatively. Intravenous entry is confirmed 
and the cannula is secured firmly with tape. ‘Opsite’ 
or other specific cannula dressings may be used when 
long-term use is anticipated. 

Patient monitors, including SpO,, ECG and arterial 
pressure should be attached before induction of anaes- 
thesia. Preoxygenation of the lungs may begin, using 
a close-fitting face mask and 100% oxygen delivered 
by a suitable breathing system for 5 min. Alternatively, 
three to four large (vital capacity) breaths may be used. 
Preoxygenation before routine elective induction of 
anaesthesia avoids transient hypoxaemia before estab- 
lishment of effective lung ventilation. 

Doses of the common iv. agents are shown in 
Table 21.3. The induction dose varies with the patient’s 
weight, age, state of nutrition, circulatory status, pre- 
medication and any concurrent medication. A small 
test dose is commonly administered and its effects are 
observed. Slow injection is recommended in the aged 
and in those with a slow circulation time (e.g. shock, 
hypovolaemia, cardiovascular disease) while the effects 
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TABLE 21.3 


Intravenous Induction Agents 


Agent Induction Dose (mgkg"') 
Thiopental 3-5 

Etomidate 0.3 

Propofol 1.5-2.5 

Ketamine 2 


of the drug on the cardiovascular and respiratory sys- 
tems are assessed. 

A rapid-sequence induction technique is indicated 
for patients undergoing emergency surgery and for 
those with potential for vomiting or regurgitation. 
After i.v. induction, a rapid transition to stage 3 anaes- 
thesia (see below) is achieved; this is maintained by the 
introduction of an inhalational agent or by repeated 
bolus injections or a continuous infusion of an i.v. 
anaesthetic agent. Emergency anaesthesia is discussed 
fully in Chapter 37. 


Complications and Difficulties 


Regurgitation and vomiting. If pharyngeal regurgi- 
tation occurs, the patient should be placed immedi- 
ately into the Trendelenburg position and material 
aspirated with suction apparatus. Should inhalation of 
gastric contents occur, treatment is with 100% oxygen, 
bronchodilators and tracheal suction. Steroids and 
antibiotics are not routinely administered but may be 
considered. Continued IPPV may be required if the re- 
sultant pneumonitis is severe. 

Intra-arterial injection of thiopental. This rare 
complication should nowadays be avoided by the ap- 
propriate choice of venous site and by checking the 
‘flashback’ of blood on cannulation before injection. 
Pain and blanching in the hand and fingers occurs as a 
result of crystal formation in the capillaries. The can- 
nula should be left in the artery and 40mg papaver- 
ine injected with local anaesthetic (e.g. lidocaine 1% 
5mL). Further treatment includes stellate ganglion 
block, brachial plexus block or sympathetic block with 
i.v. guanethidine. 

Perivenous injection. This causes blanching and 
pain and may result in a small degree of tissue necrosis. 
Propofol produces less tissue damage than thiopental. 
Hyaluronidase may be used to speed dispersal of the drug. 
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Cardiovascular depression. This is likely to occur 
particularly in the elderly, the hypovolaemic or the 
untreated hypertensive patient. Reducing the dose 
and speed of injection is essential in these patients. 
Infusion of i.v. fluid (e.g. 500 mL colloid or 1000 mL 
crystalloid solution) is usually successful in restor- 
ing arterial pressure but other agents e.g. ephedrine 
3—12 mg i.v. may be required. 

Respiratory depression. Slow injection of an in- 
duction agent can reduce the extent of respiratory 
depression. Respiratory adequacy must be assessed 
carefully and the anaesthetist should be ready to assist 
ventilation of the lungs if necessary. 

Histamine release. Thiopental in particular may 
cause release of histamine with subsequent forma- 
tion of typical wheals. Severe reactions may occur to 
individual agents, and appropriate drugs and fluids 
should be available in the anaesthetic room for treat- 
ment. Guidelines for emergency management of acute 
major anaphylaxis are available (AAGBI) and may be 
displayed in the anaesthetic room. This is discussed 
further in Chapter 43. 

Porphyria. An acute porphyric episode may be pre- 
cipitated by barbiturates in susceptible individuals. 

Other complications. Pain on injection (espe- 
cially with etomidate or propofol), hiccup or dystonic 
muscular movements may occur. The use of lidocaine 
10-40mg per 20mL propofol 1% reduces the inci- 
dence of pain on injection. 


POSITION OF PATIENT FOR 
SURGERY 


After induction of anaesthesia, the patient is placed on 
the operating table in a position appropriate for the 
proposed surgery. When positioning the patient, the 
anaesthetist should take into account surgical access, 
patient safety, anaesthetic technique, monitoring and 
position of i.v. cannulae, etc. 

Some commonly used positions are shown in 
Figure 21.1. Each may have adverse effects in terms 
of skeletal, neurological, ventilatory and circulatory 
effects. 

The lithotomy position may result in nerve damage 
on the medial or lateral side of the leg from pressure 
exerted by the stirrups, which must be well padded. 
Care must be taken to elevate both legs simultaneously 


Padded support 


Ensure sacral support 


A 


Avoid overextension of shoulder 


Avoid facial trauma 


Free abdominal movement 


Es 


-d 


Supports 


C 


FIGURE 21.1 
Trendelenburg position. 


so that pelvic asymmetry and resultant backache are 
avoided. The sacrum should be supported and not al- 
lowed to slip off the end of the operating table. 

The lateral position may result in asymmetrical lung 
ventilation. Care is required with arm position and i.v. 
infusions. The pelvis and shoulders must be supported 
to prevent the patient from rolling either backwards 
(with a risk of falling from the table) or forwards into 
the recovery position. 

The prone position may cause abdominal compres- 
sion which may result in ventilatory and circulatory 
embarrassment. To prevent this, support must be pro- 
vided beneath the shoulders and iliac crests. Excessive 
extension of the shoulders should be avoided. The face, 
and particularly the eyes, must be protected from ex- 
ternal pressure or trauma. The tracheal tube must be 
secured firmly in place as it is almost impossible to re- 
insert it with the patient in this position. 

The Trendelenburg position may produce upward 
pressure on the diaphragm because of the weight 
of the abdominal contents. Damage to the brachial 
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Support to avoid rolling 


Avoid venous occlusion in lower 
arm and pressure on radial nerve 


Non-slip mattress 


Arm support 


Shoulder support 
D 


Positions on the operating table. (A) Lithotomy position. (B) Lateral position. (C) Prone position. (D) 


plexus may occur as a result of pressure from shoulder 
supports, especially if the arms are abducted. 

The sitting position requires careful support of the 
head. In addition, venous pooling and resultant car- 
diovascular instability may occur. 

The supine position carries the risk of the supine hy- 
potensive syndrome during pregnancy (see Ch 35) or 
in patients with a large abdominal mass. 

Positioning during anaesthesia is discussed exten- 
sively by Martin & Warner (1997). 
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Anaesthesia may be continued using inhalational 
agents, iv. anaesthetic agents or i.v. opioids either 
alone or in combination. Tracheal intubation with 
or without muscle relaxants may be used. Regional 
anaesthesia may be used to supplement any of these 
techniques to achieve the components of the familiar 
anaesthetic triad of sleep, neuromuscular relaxation 
and analgesia. 
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Inhalational Anaesthesia with Spontaneous 
Ventilation 


This is an appropriate form of maintenance for superfi- 
cial body surgery, minor procedures which produce little 
reflex or painful stimulation and operations for which 
profound neuromuscular blockade is not required. 


Conduct 


After induction of anaesthesia, nitrous oxide 67% in 
oxygen and a volatile agent is used in the patient breath- 
ing spontaneously. Depending on the nature of surgery, 
the use of analgesia in premedication (if used), and the 
patient’s response (assessed by observation of ventila- 
tion, circulation and heart rate and rhythm), the volatile 
agent is used in an inspired concentration of isoflurane 
1-2%, sevoflurane 2—3%, or desflurane 3-6%. 


Minimum Alveolar Concentration 


Minimum alveolar concentration (MAC) is the 
minimum alveolar concentration of an inhaled an- 
aesthetic agent which prevents reflex movement in 
response to surgical incision in 50% of subjects. 
MAC values of commonly used inhalational agents 
are shown in Appendix C. MAC varies little with 
metabolic factors but is reduced by opioid medi- 
cation and in the presence of hypothermia. MAC 
is higher in neonates and is reduced in the elderly 
(see Ch 2). The effects of inhalational anaesthet- 
ics are additive: thus 1 MAC-equivalent could be 
achieved by producing an alveolar concentration of 
70% nitrous oxide (0.67 MAC) and 0.4% isoflurane 
(0.33 MAC). 

The rate at which MAC is attained may be increased 
by raising the inspired concentration and by avoid- 
ance of airway obstruction. Increasing ventilation at a 
constant inspired concentration produces more rapid 
equilibration between inspired and alveolar concentra- 
tions. The time taken for equilibration increases with 
the blood/gas solubility coefficient of the agent; those 
with a high blood/gas solubility coefficient (e.g. halo- 
thane) do not reach equilibrium for several hours (see 
Ch 2). It follows, therefore, that the inspired concentra- 
tion must be considerably higher than MAC to produce 
an adequate alveolar concentration when such agents 
are used. 

Control of the depth of anaesthesia to achieve 
adequacy without overdose by varying the inspired 
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concentration of volatile agent requires constant 
assessment of the patient’s reaction to anaesthesia 
and surgery. This rapid control is one of the main 
advantages of inhalational anaesthesia. The signs of 
inadequate depth of anaesthesia include tachypnoea, 
tachycardia, hypertension and sweating. 


Signs of Anaesthesia 


Guedel’s classic signs of anaesthesia are those seen in 
patients premedicated with morphine and atropine 
and breathing ether in air. The clinical signs associated 
with anaesthesia produced by other inhalational agents 
follow a similar course, but the divisions between the 
stages and planes are less precise (Fig. 21.2). 

Stage 1: the stage of analgesia. This is the stage 
attained when using nitrous oxide 50% in oxygen, as 
used in the technique of relative analgesia (see Ch 29). 

Stage 2: stage of excitement. This is seen with in- 
halational induction, but is passed rapidly during i.v. 
induction. Respiration is erratic, breath-holding may 
occur, laryngeal and pharyngeal reflexes are active and 
stimulation of pharynx or larynx, e.g. by insertion of a 
Guedel or laryngeal mask airway, may produce laryn- 
geal spasm. The eyelash reflex (used as a sign of uncon- 
sciousness with i.v. induction) is abolished in stage 2, 
but the eyelid reflex (resistance to elevation of eyelid) 
remains present. 

Stage 3: surgical anaesthesia. This deepens through 
four planes (in practice, three — light, medium, deep) 
with increasing concentration of anaesthetic drug. 
Respiration assumes a rhythmic pattern and the 
thoracic component diminishes with depth of anaes- 
thesia. Respiratory reflexes become suppressed but the 
carinal reflex is abolished only at plane IV (therefore, 
a tracheal tube which is too long may produce cari- 
nal stimulation at an otherwise adequate depth). The 
pupils are central and gradually enlarge with depth of 
anaesthesia. Lacrimation is active in light planes but 
absent in planes III and IV — a useful sign in a patient 
not premedicated with an anticholinergic. 

Stage 4: stage of impending respiratory and 
circulatory failure. Brainstem reflexes are depressed by 
the high anaesthetic concentration. Pupils are enlarged 
and unreactive. The patient should not be permit- 
ted to reach this stage. Withdrawal of the anaesthetic 
agents and administration of 100% oxygen lightens 
anaesthesia. 
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STAGE RESPIRATION PUPILS EYE REFLEXES URT & 
RESPIRATORY 
REFLEXES 
1 Analgesia Regular 
Small volume © 
2 Excitement Irregular @ Eyelash absent 
3 Anaesthesia Regular Eyelid absent Pharyngeal & 
e Conjunctival vomiting 
Plane | Large volume depressed depressed 
Regular e Corneal depressed 
Plane Il Large volume 
Regular 
Becoming Laryngeal 
diaphragmatic depressed 
Plane III Small volume 
Irregular , 
Diaphragmatic @ pill P 
Plane IV Small volume ae 
4 Overdose Apnoea @ 
FIGURE 21.2 ® Stages of anaesthesia (modified from Guedel). 


Observation of other reflexes provides a guide to 
depth of anaesthesia. Swallowing occurs in the light 
plane of stage 3. The gag reflex is abolished in upper 
stage 3. Stretching of the anal sphincter produces reflex 
laryngospasm even at plane III of stage 3. 


Complications and Difficulties 


Airway obstruction. This is relieved by appropriate po- 
sitioning and the use of airway equipment (see below). 

Laryngeal spasm. This may occur above light- 
medium planes of stage 3 as a result of stimula- 
tion. Treatment is to stop the stimulation and gently 
deepen anaesthesia. If spasm is severe, 100% oxygen 
is applied with the face mask held tightly, while the 
airway is maintained by hand and pressure is applied 
to the reservoir bag. Attempts to ventilate the patient’s 
lungs usually result only in gastric inflation. However, 
as the larynx partially opens, 100% oxygen flows 


through under pressure. Further gentle deepening of 
anaesthesia may then take place. In severe laryngeal 
spasm, i.v. succinylcholine may be required, and after 
the lungs have been inflated with oxygen it is advisable 
to intubate the trachea. 

Bronchospasm. This may occur if volatile anaes- 
thetic agents are introduced rapidly, particularly in 
smokers or those with excessive bronchial secretions. 
Humidification and warming of gases may minimize 
the problem. Bronchospasm may accompany laryn- 
gospasm. Administration of bronchodilators may be 
required. This complication occurs readily in the pres- 
ence of or shortly after a respiratory tract infection. 

Malignant hyperthermia. Volatile agents, succinyl- 
choline or amide-type local anaesthetic agents may trig- 
ger this syndrome in susceptible individuals (see Ch 43). 

Raised intracranial pressure (ICP). All volatile 
agents may produce an increase in ICP and this is 
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accentuated by retention of CO, which accompanies 
the use of volatile agents in the spontaneously breathing 
patient. A spontaneous ventilation technique is there- 
fore contraindicated in patients with an intracranial 
space-occupying lesion or cerebral oedema. 
Atmospheric pollution. The use of the appropriate 
scavenging apparatus helps to reduce levels of theatre 
pollution by volatile and gaseous agents (see Ch 20). 


Delivery of Inhalational Agents — Airway 
Maintenance 


Maintenance of the airway is one of the most impor- 
tant of the anaesthetist’s tasks. Inhalational agents may 
be delivered via a face mask, a laryngeal mask airway 
(LMA) or another supraglottic airway device (SAD), 
or a tracheal tube. 


Use of the Face Mask. Inhalational anaesthesia usu- 
ally involves the use of a face mask. The face mask has 
many variants of type and size, and selection of the 
correct fit is important to provide a gas-tight seal. 

For children, a mask with excessive dead space should 
be avoided. The patient’s head position during mask 
anaesthesia is important; the mandible is held ‘into’ the 
mask by the anaesthetist using a bony contact point 
rather than pressing into the soft tissues, which may re- 
sult in airway obstruction (especially in children). The 
mandible is held forward, helping to prevent posterior 
movement of the tongue and obstruction of the airway. 

The importance of observation of the airway during 
mask anaesthesia cannot be overemphasized. Soft tissue 
indrawing in the suprasternal and supraclavicular areas is 
evidence of upper airway obstruction. Noisy ventilation 
or inspiratory stridor provides further evidence that air- 
way obstruction is present and requires rapid correction. 
Maintenance of the airway may be assisted further by the 
use of an oropharyngeal (Guedel) airway. An appropriate 
stage of anaesthesia must be reached before insertion of 
the airway as stimulation of the pharynx at stage 2 or at 
light stage 3 produces coughing, laryngospasm or breath- 
holding. The use of local anaesthetic spray or jelly to coat 
the airway may permit its insertion at an earlier stage. A 
nasopharyngeal airway may be better tolerated. 

The face mask is used in current practice only before 
tracheal intubation or insertion of the laryngeal mask 
or during short non-invasive procedures, e.g. dental 
anaesthesia and orthopaedic manipulations. To ensure 
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patency of the airway, other airway adjuncts such as an 
oropharyngeal or a nasopharyngeal airway may be used. 


Use of the Laryngeal Mask Airway and Other 
Supraglottic Airway Devices 
INDICATIONS 
= To provide a clear airway without the need for 
the anaesthetist’s hands to support a face mask. 
= To avoid the use of tracheal intubation during 
spontaneous ventilation. 
= Ina case of difficult intubation, to facilitate sub- 
sequent insertion of a tracheal tube via the intu- 
bating LMA. 


CONTRAINDICATIONS 

= A patient with a ‘full stomach’ or with any condi- 
tion leading to delayed gastric emptying. 

= A patient in whom the risk of regurgitation of 
gastric contents into the oesophagus is increased 
(e.g. hiatus hernia). 

m Where surgical access (e.g. to the pharynx) is im- 
peded by the cuff of the LMA. 


Conduct of LMA insertion. An appropriate depth 
of anaesthesia is required for successful insertion of 
the LMA. Fewer difficulties are encountered after i.v. 
induction of anaesthesia with propofol than with thio- 
pental because of the greater tendency of the former 
to suppress pharyngeal reflexes. The appropriate size 
of LMA is chosen according to the weight of the pa- 
tient (Table 21.4). In general, the largest size possible 
is used to create a seal with a cuff inflation less than 
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Laryngeal Mask Airway Sizes 


Patient Weight Cuff Volume 
Mask Size (kg) (mL) 
1 <5 2-5 
1:5 5-10 5-7 
2 10-20 7-10 
2.5 20-30 12-14 
3 >30 15-20 
4 n/a 25-30 
5 n/a 35-40 


After Brimacombe et al. 1996 


the maximum. In adults, the larger sizes are used ac- 
cording to inspection. The patient’s head is extended, 
the mouth is opened and, if necessary, the mandible 
can be held down by an assistant. The LMA cuff is 
evacuated and the LMA is inserted into the pharynx 
in a direction along the axis of the hard palate so that 
the cuff encounters the posterior pharyngeal wall and 
is swept distally into the laryngopharynx. This may 
be assisted by use of the gloved fingers in the ‘classic’ 
technique. The cuff then lies posterior to the larynx. 
Air is injected into the cuff and the breathing system is 
attached via a catheter mount to the 22-mm proximal 
connector. The LMA is secured in place with tape or 
a bandage after confirmation of correct placement by 
observation of movement of the reservoir bag, or of 
the chest after a gentle manual inflation of the lungs. 
The reinforced LMA may be useful when the stan- 
dard LMA may hinder surgical access or be prone to 
kinking. 

Alternative SADs comprise the Igel, Pro-seal LMA, 
supreme LMA (SLMA), and the intubating LMA 
(ILMA) which may be used to facilitate tracheal intu- 
bation. These are described in Chapter 15. The anaes- 
thetist should gain clinical experience with these types 
in order to appreciate the differences in insertion tech- 
nique from that of the classic LMA. 


Tracheal Intubation 
Indications 


m Provision of a clear airway, e.g. anticipated diffi- 
culty in using mask anaesthesia in the edentulous 
patient. 

m An ‘unusual’ and prolonged position, e.g. prone 
or sitting. A reinforced non-kinking tube may be 
necessary. 

m Operations on the head and neck, e.g. ENT, den- 
tal. A nasotracheal tube may be required. 

m Protection of the respiratory tract, e.g. from 
blood during upper respiratory tract or oral sur- 
gery and from inhalation of gastric contents in 
emergency surgery or patients with oesophageal 
obstruction. The use of a cuffed tube for adults is 
mandatory in these circumstances. 

= During anaesthesia using IPPV and muscle 
relaxants. 

m To facilitate suction of the respiratory tract. 

= During thoracic operations. 
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Contraindications. There are few contraindications. 
In emergency situations, hypoxaemia must be relieved 
if at all possible before insertion of a tracheal tube. 


Preparation 


Before starting, the anaesthetist must check the avail- 
ability and function of the necessary equipment. He 
or she should have a ‘dedicated’, trained, experienced 
assistant. Laryngoscopes of the correct size are chosen 
and the function of bulb and batteries checked, the pa- 
tency of the tracheal tube is checked and the integrity 
of the cuff ensured. Various aids to intubation must 
also be present (see Table 21.1). 


Choice of Equipment 

Laryngoscopes. Laryngoscopes are manufactured 
in many shapes and sizes. There are two basic types 
of blade — straight or curved. Straight-blade laryn- 
goscopes (e.g. Magill) are favoured for children, in 
whom the epiglottis is floppy, and are designed to 
pass posterior to the epiglottis and to lift it anter- 
iorly, exposing the larynx. The curved blade (e.g. 
Macintosh) is designed so that the tip lies anterior 
to the epiglottis in the vallecula, pressing on the 
hyoepiglottic ligament and moving it anteriorly 
to expose the larynx and vocal cords (Fig. 21.3). 
The McCoy blade incorporates a movable distal 
tip to facilitate a view of the glottis in appropriate 
patients. 


Tracheal Tubes. Modern tracheal tubes are disposable 
and made from PVC which is ‘implant tested’ for its 
inert effect upon the tissues. In some circumstances, 
e.g. head and neck or throat surgery, the tracheal tube 
may be subject to direct or indirect pressure and stan- 
dard tubes may kink or become compressed. It may 
be appropriate to use a tube which is reinforced with 
a nylon or steel spiral in such cases. Tracheal tubes are 
introduced usually through the mouth, although it may 
be preferable to pass the tube through the nose, par- 
ticularly for oral surgery. The supplied length of dis- 
posable tubes exceeds that required normally for oral 
intubation and the tube should be cut to the appropri- 
ate length before use. During thoracic surgery, it may 
be necessary to ventilate the lungs independently and 
a bronchial tube, bronchial blocker or double-lumen 
tube is required (see Ch 33). 


452 21 


(A) Curved blade 


(B) Straight blade 


_ 


FIGURE 21.3 = Use of the laryngoscope. 


In order to seal the airway, most tracheal tubes are 
manufactured with an inflatable cuff at the distal end. 
The cuff may be of low or high volume; low-volume 
cuffs produce a seal over a smaller area of tracheal mu- 
cosa and tend to exert a high pressure on the mucosal 
cells, reducing the capillary blood supply and render- 
ing the cells potentially ischaemic. High-volume cuffs 
cover a wide area of mucosa; the pressure exerted var- 
ies during the respiratory cycle, but on average is lower 
than that produced by a low-volume cuff. A medium- 
volume, low-profile cuffed tube represents a compro- 
mise and has some practical advantages. 

Tracheal tubes of different sizes are required. The 
size quoted is the internal diameter (ID). Adult males 
normally require a tube of 9-9.5 mm ID and females 
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8-8.5 mm ID. For oral intubation, the tube should nor- 
mally be 20-23 cm in length. The appropriate internal 
diameter of tube for paediatric use may be calculated 
from the following formula: (age/4)+4 mm. This is an 
approximation and a tube 0.5mm smaller and 0.5mm 
larger should also be prepared. The length of tube re- 
quired for oral intubation in children is approximately 
equal to (age/2)+12cm. A tube of slightly smaller ID 
may be required for nasal intubation and its length 
may be calculated from the formula (age/2)+15 cm. 
An appropriate connector is required between the 
tracheal tube and the anaesthetic breathing system, e.g. 
curved connector for nasal tube, lightweight plastic 
with low dead space for children or a connector with a 
suction port for thoracic surgery. It is important before 
use to ensure the patency of breathing system connec- 
tors and the absence of foreign material occluding the 
lumen; vulnerable components of the breathing sys- 
tem should remain wrapped until just before their use. 


Anaesthesia for Tracheal Intubation 


Tracheal intubation may be performed under local 
anaesthesia (using topical spray, transtracheal spray 
and superior laryngeal nerve block) or under general 
anaesthesia (either i.v. or inhalation, with or without 
the use of muscle relaxation). The usual approach is 
to provide general anaesthesia and muscle relaxation, 
to perform laryngoscopy and direct vision intubation 
and then to maintain anaesthesia via the tracheal tube 
with spontaneous or controlled ventilation. 


Inhalational Technique for Intubation. Adequate 
depth of anaesthesia is necessary to depress the la- 
ryngeal reflexes and provide a degree of relaxation of 
the laryngeal and pharyngeal muscles. Sevoflurane 
8% provides rapid attainment of the necessary depth, 
which can be judged from the pattern of respiration 
with predominance of diaphragmatic breathing (a 
useful sign in children is the ‘dissociation’ of the tho- 
racic and abdominal excursion). The mask is removed 
and laryngoscopy and intubation performed. The an- 
aesthetic circuit is then connected to the tracheal tube 
and anaesthesia maintained at a depth appropriate for 
surgery. 


Relaxant Anaesthesia for Intubation. After i.v. or in- 
halational induction of anaesthesia, the short-acting 


depolarizing muscle relaxant succinylcholine may be 
used to provide relaxation for tracheal intubation. After 
loss of consciousness, the patient breathes 100% oxygen 
or 50% nitrous oxide in oxygen and succinylcholine is 
administered in a dose of 1-1.5mgkg™. Assisted ven- 
tilation is maintained via the face mask until muscle 
relaxation occurs (except in emergency patients and 
those likely to regurgitate) and laryngoscopy and in- 
tubation are performed. Inhalational anaesthesia may 
be continued with manual ventilation until the effects 
of the relaxant have ceased, whereupon spontaneous 
ventilation is resumed. Alternatively, non-depolarizing 
neuromuscular blockade is produced and ventilation 
controlled. 


Conduct of Laryngoscopy 


The position of the patient’s head and neck is impor- 
tant. The neck should be flexed and the head extended 
with the support of a pillow; thus, the oral, pharyn- 
geal and tracheal axes are brought into alignment 
(Fig. 21.4). The laryngoscope is designed for left-hand 
use and is introduced into the right side of the mouth 
while the right hand opens the mouth, parting the lips 
to avoid interposing them between laryngoscope and 
teeth. The teeth may be protected from blade trauma 
with the fingers or the use of a plastic ‘guard’. The la- 
ryngoscope blade deflects the tongue to the left and the 
length of the blade is passed over the contour of the 
tongue. The laryngoscope is lifted upwards and for- 
wards, avoiding a levering movement which can dam- 
age the upper anterior teeth. Using a straight blade, 
the tip is passed posterior to the epiglottis, which is 
lifted anteriorly, and the vocal cords are seen. With a 
curved blade, the tip is inserted into the vallecula and 


Head extended 


Pillow to raise 
head and flex neck 


FIGURE 21.4 ™ Head position for laryngoscopy. 
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pressure on the hyoepiglottic ligament moves the epi- 
glottis to expose the vocal cords. External pressure on 
the thyroid cartilage by an assistant may aid laryngeal 
vision at this stage. Alternatively, using the McCoy ad- 
aptation of the Macintosh blade, the distal lever may 
be used to elevate the epiglottis to assist in viewing 
the larynx. 


Conduct of Intubation 


After laryngeal visualization, the supraglottic area 
and cords may be sprayed, if required, with local an- 
aesthetic solution (lidocaine 4%). The tracheal tube 
is passed from the right side of the mouth (which 
may be held open by the assistant’s finger if neces- 
sary, permitting a clear view of the midline) and be- 
tween the vocal cords into the trachea until the cuff 
is below the vocal cords. A semirigid stilette may be 
used during intubation to provide the correct de- 
gree of curvature of the tracheal tube to facilitate in- 
tubation. This is useful particularly with reinforced 
tubes. 

The tube cuff is inflated sufficiently to abolish au- 
dible gas leaks on inflation of the lungs. The correct 
position of the tube must now be confirmed. If the 
tube has been seen clearly at laryngoscopy to pass 
through the vocal cords into the trachea, then equal 
movement of both sides of the chest during ventila- 
tion should be confirmed and auscultation in each 
axilla for breath sounds should be performed to en- 
sure that the tip of the tracheal tube has not passed 
too far distally to enter, or occlude, one of the main 
bronchi (see Ch 43); if there is unilateral air entry, the 
tube should be withdrawn slowly and carefully until 
air entry is equal in both lungs. If the tube has not 
been seen clearly to enter the trachea, or if there is any 
reason to suspect that its distal end is not in the tra- 
chea, then the steps outlined in Chapter 43 must be 
undertaken immediately to identify possible oesopha- 
geal intubation. 

After its correct position has been determined, the 
tube is secured with cotton tape, bandage or sticking 
plaster strips. Correct fixation of the tube is important, 
particularly if the head is inaccessible during surgery, 
e.g. when the patient is in the prone position. On such 
occasions, extra security is gained using broad ‘elas- 
toplast’ strapping over the primary fixing tape on the 
patient’s face. 
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Nasal Intubation 


Nasal intubation may be used for dental operations, 
ENT operations, etc., and may be preferred for long- 
term intubation because it provides easier tube fixa- 
tion, easier oral toilet and greater patient comfort. 

Aslightly smaller tube is used and is introduced pref- 
erentially into the right nostril, as the left-facing bevel 
of the tube favours this approach. The tube is passed 
along the floor of the nose and advanced gently into 
the pharynx, avoiding excessive force. Laryngoscopy 
takes place and the tube is advanced into the trachea 
by manipulation of the proximal end or by grasping 
the distal tip with Magill’s intubating forceps to pass it 
between the cords. 

Packing of the throat may be used after intubation, 
especially for oropharyngeal operations. The moist 
gauze pack is introduced using the laryngoscope and 
Magill forceps. The pharynx should be packed on each 
side of the tracheal tube. The pack should be applied 
gently to avoid abrasion of the mucosa. A ‘tail’ of the 
pack is left protruding from the mouth and the anaes- 
thetist must accept responsibility for removal of the 
pack before extubation. A latex ‘foam’ pack may be 
used as an alternative to cotton gauze. 


Difficult Intubation 


The incidence of difficult intubation is reported as 
being one in 65 patients. In practice, most cases rep- 
resent difficulty with laryngoscopy. Poor manage- 
ment of difficult intubation is a significant cause of 
anaesthetic morbidity and mortality. Sequelae include 
dental and airway trauma, pulmonary aspiration and 
hypoxaemia. 


Aetiology. Table 21.5 shows the common causes of dif- 
ficult intubation. The single most important cause is an 
inexperienced or inadequately prepared anaesthetist, 
often complicated by equipment malfunction. There 
are numerous causes of difficult laryngoscopy related 
to patient factors. The anatomical features associated 
with difficult laryngoscopy are listed in Table 21.6. Of 
these, the atlanto-occipital distance is the best predic- 
tor of difficulty but requires an X-ray examination. 
Many of these factors are normal anatomical varia- 
tions; they may also be congenital or acquired. 
Congenital. Many syndromes are associated with 
multiple anatomical abnormalities such as a small 
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mouth, large tongue and cleft palate. Patients with en- 
cephalocele, cystic hygroma and hydrocephalus may 
have restricted head or jaw movement. Morquio and 
Down syndromes are associated with cervical spine 
instability. 

Acquired. Acquired factors may affect jaw open- 
ing, neck movement or the airway itself. Reduced jaw 
movement is a common cause of difficult laryngos- 
copy. Trauma and infection may cause reflex spasm of 
the masseter and medial pterygoid muscles (trismus). 
This occurs typically with dental abscess or mandib- 
ular fractures and is usually relaxed by anaesthetic 
agents. In contrast, the reduced jaw movement associ- 
ated with temporomandibular joint fibrosis is usually 
fixed. This may complicate chronic infection, rheuma- 
toid arthritis, ankylosing spondylitis and radiotherapy. 
Any local soft tissue swelling or mass may also reduce 
jaw movement. 

Reduced head and neck movement is an important 
cause of difficult laryngoscopy. Optimal positioning 
for laryngoscopy requires extension of the head at the 
atlanto-occipital joint; this joint may be damaged in 
patients with rheumatoid arthritis, osteoarthritis and 
ankylosing spondylitis. Cervical spine movement may 
be reduced by surgical fusion, fibrosis and soft tissue 
swellings of the head and neck. Cervical spine insta- 
bility (e.g. fractures, tumours, rheumatoid arthritis) 
makes neck movement undesirable. 

Disorders of the airway itself may pose a serious 
threat to ventilation in addition to preventing normal 
laryngoscopy. Soft tissue oedema of the face/upper air- 
way from dental abscess, other infections, drug hyper- 
sensitivity, burns and trauma may cause considerable 
anatomical distortion with life-threatening airway ob- 
struction. Foreign bodies, tumours and scarring after 
infection, burns and radiotherapy may also cause dif- 
ficult laryngoscopy. Vocal cord apposition from recur- 
rent laryngeal nerve palsy can hinder passage of the 
tracheal tube through the larynx. Positioning of the 
tracheal tube in the trachea may be difficult if there is 
compression or deviation caused by thyroid tumours, 
haematoma (traumatic, surgical) and thymic or lymph 
node tumours. Other rare disorders include vascular 
rings and laryngotracheomalacia. In clinical practice, 
the cause of difficult laryngoscopy is often multifacto- 
rial, for example in patients with morbid obesity, preg- 
nancy and rheumatoid arthritis. 
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TABLE 21.5 


Common Causes of Difficult Intubation 


Anaesthetist 

Inadequate preoperative assessment 
Inadequate equipment preparation 
Inexperience 

Poor technique 


Equipment 
Malfunction 
Unavailability 

No trained assistant 


Patient 
Congenital Syndromes (Down, Pierre Robin, 
Treacher Collins, Marfan’s) 
Achondroplasia 
Cystic hygroma 
Encephalocele 
Acquired Reduced jaw movement Trismus (abscess/infection, fracture, 


Reduced neck movement 


tetanus) 

Fibrosis (postinfection/radiotherapy/ 
trauma) 

Rheumatoid arthritis, ankylosing spondylitis 
Tumours 

Jaw wiring 

Rheumatoid/osteoarthritis 

Ankylosing spondylitis 

Cervical fracture/instability/fusion 


Airway 


Oedema (abscess/infection, trauma, 
angio-oedema, burns) 

Compression (goitre, surgical haemorrhage) 
Scarring (radiotherapy, infection, burns) 
Tumours/polyps 

Foreign body 

Nerve palsy 


Others 


Morbid obesity 
Pregnancy 


Acromegaly 


Management. Preoperative assessment. Preoperative 
examination of the airway (Table 21.7) is essential. 
Identifying patients with a potentially difficult airway 
(see Tables 21.5 and 21.6) allows time for planning an 
appropriate anaesthetic technique. Previous anaes- 
thetic records should always be consulted. However, 
a past record of normal tracheal intubation is no 
guarantee for future anaesthesia as airway anatomy 
may be altered. Pregnancy is a common example. The 
presence of stridor or a hoarse voice is a warning sign 


for the anaesthetist. As it is impossible to identify all 
patients with a difficult airway during preoperative as- 
sessment, the anaesthetist must be prepared to manage 
the unexpected difficult laryngoscopy. 

Many additional clinical tests to predict difficult la- 
ryngoscopy have been described. None of these tests is 
totally reliable, but their use may complement routine 
examination of the airway. The ‘Mallampati’ test is a 
widely used and simple classification of the pharyngeal 
view obtained during maximal mouth opening and 
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TABLE 21.6 


Anatomical Factors Associated with 
Difficult Laryngoscopy 


Short, muscular neck 


Protruding incisors (buck teeth) 


Long, high arched palate 


Receding lower jaw 


Poor mobility of mandible 


ncreased anterior depth of mandible 


ncreased posterior depth of mandible (reduces jaw opening, 
requires X-ray) 


Decreased atlanto-occipital distance (reduces neck extension, 
requires X-ray) 


TABLE 21.7 


Preoperative Assessment of the Airway 


General appearance of neck, face, maxilla and mandible 


Jaw movement 


Head extension and neck movement 


Teeth and oropharynx 


Soft tissue of neck 


Recent chest and cervical spine X-rays 


Previous anaesthetic records 


Class | Class II 
FIGURE 21.5 
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tongue protrusion (Fig. 21.5). In practice, this test sug- 
gests a higher incidence of difficult laryngoscopy if the 
posterior pharyngeal wall is not seen. The predictive 
value of this test may be strengthened if the thyromen- 
tal distance (thyroid cartilage prominence to the bony 
point of the chin during full head extension) is less than 
6.5cm. The Mallampati classification correlates with the 
view obtained at laryngoscopy (Fig. 21.6). The difficulty 
associated with a ‘grade 3’ laryngoscopy may usually 
be overcome by posterior laryngeal displacement and/ 
or the use of a suitable bougie. A patient whose epi- 
glottis is not visible at laryngoscopy (‘grade 4’) usually 
has obvious preoperative anatomical abnormalities. 
Management of these patients requires the use of special 
techniques such as fibreoptic laryngoscopy (see Ch 15). 
Preoperative preparation. Premedication with an anti- 
sialagogue reduces airway secretions. This is advantageous 
before inhalational induction and essential for awake fibre- 
optic laryngoscopy to maximize the effectiveness of topi- 
cal local anaesthesia. An anxiolytic may also be given but 
is contraindicated in patients with airway obstruction. The 
presence of a trained assistant is essential and the availabil- 
ity of an experienced anaesthetist and a special ‘difficult 
intubation trolley with a range of equipment such as bou- 
gies, laryngoscopes and tracheal tubes is desirable. 
Regional anaesthesia. This should be used wherever 
possible in patients with a difficult airway although the 
patient, anaesthetist and equipment must be prepared 
for general anaesthesia should a complication arise. 


Class III Class IV 


ele 


Classification of the pharyngeal view when performing the Mallampati test. The patient must fully extend the 


tongue during maximal mouth opening. Class |: pharyngeal pillars, soft palate, uvula visible. Class Il: only soft palate, uvula 
visible. Class Ill: only soft palate visible. Class IV: soft palate not visible. 


Grade | Grade II 
> i 4 
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FIGURE 21.6 
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Grade III Grade IV 


U a 


Grading of the laryngoscopic view. Grade |: vocal cords visible. Grade II: arytenoid cartilages and posterior part 


of vocal cords visible. Grade III: epiglottis visible. Grade IV: epiglottis not visible. Note: the pharyngeal view (Fig. 21.5) is a clinical 


guide to the likely laryngoscopic view. 


General anaesthesia. Unless tracheal intubation is es- 
sential for airway protection or to facilitate muscle relax- 
ation and ventilation, the use of an artificial airway such as 
the laryngeal mask with spontaneous ventilation is a safe 
technique. If intubation is essential, the appropriate anaes- 
thetic technique depends on the anticipated degree of dif- 
ficulty, the presence of airway obstruction and the risk of 
regurgitation and aspiration. There is no place for the use 
of a long-acting neuromuscular blocker to facilitate intu- 
bation where difficulty is anticipated. Correct positioning 
of the head and neck is essential and the lungs should be 
preoxygenated after cannulation of a vein and appropriate 
monitoring. The safest anaesthetic technique may usually 
be chosen from the following clinical examples: 


1. Patients with an increased risk of regurgitation and as- 
piration (e.g. full stomach, intra-abdominal pathology, 
pregnancy). An inhalational induction is inappropri- 
ate in these patients. Regional anaesthesia is prefer- 
able in the parturient (see Ch 35). Preoxygenation 
and a rapid sequence induction with succinylcholine 
can be used if there is little anticipated difficulty. If 
intubation is unsuccessful, no further doses of neu- 
romuscular blocking drug should be used, the pa- 
tient allowed to wake and further assistance sought. 
If there is a high degree of anticipated difficulty, an 
awake technique is recommended (see below). 

2. Patients with little anticipated difficulty and no 
airway obstruction (e.g. mild reduction of jaw or 
neck movement). After a sleep dose of intrave- 
nous induction agent and confirmation of the 
ability to ventilate the lungs manually by mask, 
succinylcholine may be given to provide the best 
conditions for tracheal intubation. If difficulty is 
encountered, the patient is allowed to wake up and 
the procedure replanned. Where appropriate, an- 
aesthesia is deepened by spontaneous ventilation 


using a volatile agent and alternative techniques to 
facilitate tracheal intubation used (see below). 

3. Patients with severe anticipated difficulty and no 
airway obstruction (e.g. severe reduction of jaw 
or neck movement). Appropriate techniques in- 
clude inhalational induction with sevoflurane 
or the use of fibreoptic laryngoscopy either in 
the awake patient or after inhalational induc- 
tion. Neuromuscular blocking drugs must not 
be used until the ability to ventilate the lungs 
manually and view the vocal cords is confirmed. 

4. Patients with airway obstruction (e.g. burns, infec- 
tion, trauma). An inhalational induction may be 
used; otherwise an awake technique should be con- 
sidered. Neuromuscular blocking drugs should not 
be used until tracheal intubation is confirmed. 

5. Extreme clinical situations. Tracheostomy performed 
under local anaesthesia may be the safest technique. 


Inhalational Induction. Premedication with an anti- 
sialagogue is desirable. Depth of anaesthesia is increased 
carefully by spontaneous ventilation of increasing con- 
centrations of a volatile agent in 100% oxygen until la- 
ryngoscopy may be performed safely. Halothane may 
still be the agent of choice for this purpose. If the larynx 
is viewed easily intubation may be performed with or 
without succinylcholine. If the view is limited, the use 
of a suitable bougie assists passage of the tracheal tube 
through the larynx. This is confirmed by detecting tra- 
cheal rings or resistance when the smaller bronchi are en- 
countered. The tracheal tube is then ‘railroaded’ over the 
bougie into the trachea, often made easier by rotating the 
tracheal tube through 90° in an anticlockwise direction 
to align the bevel as it passes through the larynx. If this is 
unsuccessful, anaesthesia may be maintained and the use 
of fibre-optic laryngoscopy can be considered. 
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Awake Intubation. Fibreoptic laryngoscopy and intu- 
bation require special equipment, skill and time. The 
procedure may be performed by the nasal or oral route 
after topical anaesthesia is achieved by spraying the na- 
sal and oropharyngeal mucosa and/or gargling viscous 
preparations. The injection of 3-5 mL of lidocaine 2% 
through the cricothyroid membrane induces coughing 
and anaesthetizes the tracheal and laryngeal mucosa. 
Conventional laryngoscopy may also be performed in 
awake patients. After cricothyroid injection of lido- 
caine, laryngoscopy is performed in stages. The oro- 
pharynx is anaesthetized progressively with lidocaine 
spray until the patient tolerates deep insertion of the 
laryngoscope, enabling the larynx to be viewed. 


Complications of Tracheal Intubation 


Complications may be mechanical, respiratory or car- 
diovascular and may occur early or late. 


Early Complications. Trauma may occur to lips and 
teeth or dental crowns. Jaw dislocation and disloca- 
tion of arytenoids may be produced. Trauma during 
intubation may result in damage to larynx and vocal 
cords. Nasal intubation may produce epistaxis, trauma 
to the pharyngeal wall or dislodgement of adenoid tis- 
sue. Obstruction or kinking of the tube may occur and 
carinal stimulation or bronchial intubation may take 
place if the tube is too long. Laryngeal trauma may 
produce postoperative croup, bronchospasm or laryn- 
gospasm, especially in children. Mechanical complica- 
tions may be avoided with a careful technique. Broken 
teeth must be retrieved and the event documented. 
Immediate postoperative respiratory complications 
may be minimized by humidification of inspired gases. 
Cardiovascular complications of intubation include 
arrhythmias and hypertension, especially in untreated 
hypertensive patients. 


Late Complications. These are more common after 
long-term intubation. Tracheal stenosis is rare, but 
damage to tracheal mucosa from a cuffed tube may be 
related to its design; high-volume, low-pressure cuffs 
may be preferred for long-term intubation. Trauma to 
vocal cords may result in ulceration or granulomata 
which may require surgical removal. Cord trauma may 
be more common in the presence of an upper respira- 
tory tract infection. 
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Anaesthesia Using Neuromuscular 
Blocking Drugs 


Indications 


As an alternative to deep anaesthesia with spontaneous 
ventilation and volatile agents leading to multisystem 
depression, the triad of sleep, suppression of reflexes 
and muscle relaxation may be provided separately with 
specific agents. The use of a neuromuscular blocking 
agent provides muscle relaxation, permitting lighter 
anaesthesia with less risk of cardiovascular depression. 
Thus, the technique is appropriate for major abdomi- 
nal, intraperitoneal, thoracic or intracranial operations, 
prolonged operations in which spontaneous ventilation 
would lead to respiratory depression, and operations in 
a position in which ventilation is impaired mechanically. 


Conduct of Relaxant Anaesthesia 


After induction of anaesthesia, neuromuscular 
blockade is produced by using either (a) a depolariz- 
ing neuromuscular blocker (NMB) (succinylcholine) 
followed, after its action has subsided, by a non- 
depolarizing NMB, or (b) in the case of an elective 
fasting patient with normal gastric emptying and no 
history of hiatus hernia or regurgitation, an intubat- 
ing dose of a non-depolarizing NMB (see Ch 6). The 
choice of agent depends upon operative indications 
or the patient’s condition (e.g. vecuronium and ro- 
curonium produce little cardiovascular depression). 
The airway is then secured with a tracheal tube. 

Controlled ventilation is commenced, first manu- 
ally by compression of the reservoir bag and then by a 
mechanical ventilator delivering the appropriate tidal 
and minute volumes (see Appendix C). Anaesthesia 
and analgesia are provided by nitrous oxide/oxygen or 
air/oxygen, together with a volatile agent and i.v. an- 
algesic. The inspired and end-expired concentrations 
of volatile agents should be monitored. Analgesia may 
also be supplemented by opioid pre-medication or by 
use of regional or local anaesthetic techniques. 


Assessment of Relaxant Anaesthesia. Light anaesthe- 
sia with preservation of reflexes permits the use of 
physical signs for the continued assessment of the ad- 
equacy of anaesthesia. 

Adequacy of anaesthesia. Autonomic reflex activity 
with lacrimation, sweating, tachycardia, hypertension 


or reflex movement in response to surgery indicate 
‘light’ anaesthesia and response to surgical stimula- 
tion, and warn that the depth of anaesthesia should 
be increased or further increments of i.v. analgesic 
given. 

Awareness during anaesthesia. The possibility of 
conscious or unconscious awareness exists in a pa- 
tient who is under the influence of an NMB if nitrous 
oxide/oxygen anaesthesia is unsupplemented or is 
supplemented by an opioid with little or no volatile 
agent. The anaesthetist should ensure that this pos- 
sibility is avoided by constant observation of the pa- 
tient for clinical signs of light anaesthesia and by use 
of small concentrations of a volatile agent. Up to 1% 
of patients may recall intraoperative events spontane- 
ously if a mixture of nitrous oxide 67% in oxygen is 
administered, even with an i.v. opioid, and a propor- 
tion of these patients experience pain. Awareness dur- 
ing anaesthesia is now a common source of litigation. 
An appropriate concentration of volatile anaesthetic 
agent should be used routinely during elective surgery. 
The use of the BIS monitor may decrease the incidence 
of awareness. 

Adequacy of muscle relaxation. Clinical signs of 
return of muscle tone include retraction of the wound 
edges during abdominal operations and abdominal 
muscle, diaphragmatic or facial movement. An in- 
crease in airway pressure (with a time- or volume- 
cycled ventilator) may indicate a return of muscle 
tone. Quantitative estimation of neuromuscular sta- 
tus may be obtained with a peripheral nerve stimu- 
lator (see Ch 6). Small increments (e.g. 25-35% of 
the original dose) of NMB may be given to maintain 
relaxation; alternatively, an i.v. infusion may be a more 
convenient method of administration, but the use of 
a peripheral nerve stimulator is mandatory with this 
technique. 

Adequacy of ventilation. Clinical signs of inadequate 
ventilation and an increase in PaCO, include venous dil- 
atation, wound oozing, tachycardia, hypertension and 
attempts at spontaneous ventilation by the patient. 

Measurement of airway pressure and end-expired 
PCO, with a capnograph are mandatory during anaes- 
thesia. Monitoring expired gas volume provides useful 
information to adjust the degree of mechanical ven- 
tilation, and occasionally arterial PCO, measurement 
may be used. 
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Reversal of Relaxation 


At the end of surgery, residual neuromuscular block- 
ade is antagonized and spontaneous ventilation 
should begin before the tracheal tube is removed 
and the patient awakened. Residual neuromuscular 
blockade is antagonized with neostigmine 2.5-5 mg 
(0.05-0.08 mgkg™ in children). Atropine 1.2mg or 
glycopyrronium 0.5mg (in adults) counteracts the 
muscarinic side-effects of the anticholinesterase and 
may be given before, or with, neostigmine. Care should 
be exercised in the use of an anticholinergic agent in 
the presence of existing tachycardia, pyrexia, carbon 
dioxide retention or ischaemic heart disease. 

Resumption of spontaneous ventilation should occur 
if normocapnic ventilation has been used and assured 
by monitoring the end-expired PCO,. Tracheobronchial 
suction (see below) has the beneficial side-effect of 
stimulating respiration if used at this stage. 


OTHER TECHNIQUES 


Total Intravenous Anaesthesia 


Total intravenous anaesthesia (TIVA) techniques for 
induction and maintenance of anaesthesia are widely 
used. The pharmacokinetic and pharmacodynamic 
profile of agents such as propofol, alfentanil and 
remifentanil permit rapid titration of drug dose to 
the required effect in individual patients. Most gen- 
eral anaesthesia is still maintained using inhalational 
techniques, partly for historical reasons, but mainly 
because the non-invasive measurement of end-expired 
partial pressure of the agent gives a useful estimate of 
the partial pressure of the agent at the effector site in 
the central nervous system. However, drug delivery 
systems have been developed which give improved 
control of intravenous anaesthesia. 

Target controlled infusion (TCI) devices (e.g. 
Diprifusor) enable the theoretical drug concentration 
in the plasma of propofol to be controlled continu- 
ously and administered without the need for complex 
calculation by the anaesthetist. The pharmacokinetic 
data for propofol have been obtained from measure- 
ments in patient populations of different age, sex and 
weight, to create a pharmacokinetic model; different 
models have been produced. The computer program in 
the TCI device continuously calculates the distribution 
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and elimination of propofol and automatically adjusts 
the infusion rate to maintain a predicted (not mea- 
sured) plasma drug concentration. 

Advantages of TIVA include the avoidance of some 
of the complications of inhalational anaesthesia such 
as distension of gas-filled spaces, diffusion hypoxia 
and production of fluoride ions. It may be used safely 
in patients susceptible to malignant hyperthermia. 
There is also a reduced incidence of postoperative nau- 
sea and vomiting. The main disadvantages are that the 
plasma concentrations are predicted not measured, the 
actual plasma concentrations of the intravenous agent 
are subject to biological variability, and variations in 
the patient’s physiological state reduce the model’s 
predictive value. Therefore, the predicted plasma con- 
centration must be adjusted to control the depth of 
anaesthesia assessed clinically, in the same way as the 
end-expired partial pressure would be adjusted when 
using an inhalational technique. 


Opioid Infusions 

Remifentanil, an ultra-short acting opioid may be 
used as an adjunct to inhalational anaesthesia or in 
total intravenous anaesthesia, as part of a balanced 
technique, therefore reducing the amount of anaes- 
thetic agent required and/or avoiding the need for 
nitrous oxide. Remifentanil is an ester and undergoes 
rapid hydrolysis by esterases in the plasma. Its short 
duration of action is a useful property in specialities 
such as neurosurgery where analgesic requirements 
are high intraoperatively but where rapid recovery 
is needed postoperatively. Recommended infusion 
rates for remifentanil are published as part of its data 
sheet. Remifentanil is given by intravenous infusion 
titrated to patient response. Sometimes a slow bolus 
of 0.25-0.5 mcg kg” is given initially, though this can 
cause bradycardia and hypotension especially in frail 
or elderly patients. Where postoperative pain is likely 
to be significant, another type of analgesia must be 
given before discontinuation of remifentanil as its 
offset of action is rapid. 


CONDUCT OF EXTUBATION 


This may take place with the patient supine if the an- 
aesthetist is satisfied that airway patency can be main- 
tained by the patient in this position and there is no 
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Pillow to prevent rolling onto back 


Hand supports jaw 
FIGURE 21.7 


Recovery position. 

risk of regurgitation. In patients at risk of regurgita- 
tion and potential aspiration, the lateral position is 
preferred. However, it is safer to use the lateral recovery 
position after extubation (Fig. 21.7). Return of respira- 
tory reflexes is signified by coughing and resistance to 
the presence of the tracheal tube. 

Tracheobronchial suction via the tracheal tube is 
carried out using a soft sterile suction catheter with an 
external diameter less than half the internal diameter 
of the tube. Preoxygenation precedes suctioning, as the 
oxygen stores may be depleted by tracheal suction. The 
catheter is occluded during insertion and suction ap- 
plied during withdrawal. 

Pharyngeal suction is performed best under direct 
vision, avoiding trauma to the pharyngeal mucosa, 
uvula or epiglottis. This should take place before an- 
tagonism of residual neuromuscular blockade. 

Oxygen 100% replaces the anaesthetic gas mixture 
before extubation to avoid the potential effects of dif- 
fusion hypoxia and to provide a pulmonary reservoir 
of oxygen in case breath-holding or coughing occurs. 

Tracheal extubation is performed preferably dur- 
ing inspiration when the larynx dilates; the cuff is de- 
flated and the tube is withdrawn along its curved axis, 
as careless withdrawal in a straight line may damage 
laryngeal structures. Some anaesthetists generate a 
positive pressure in the trachea during this manoeuvre 
by ‘squeezing the bag in order to propel secretions into 
the pharynx. 

After extubation, the patient’s ability to maintain the 
airway is ensured, the ability to cough and clear secre- 
tions is assessed and an oropharyngeal airway is inserted 


if required. Administration of oxygen is continued by 
face mask. Preparations are made for recovery. 


Complications of Tracheal Extubation 
Laryngeal Spasm 


This may follow stimulation during extubation. 
Extubation during deep anaesthesia and subsequent 
maintenance with a mask may be used. Local anaes- 
thetic spray to the larynx may block the reflex, and 
pharyngeal suction before extubation removes secre- 
tions which may cause stimulation. 


Regurgitation/Inhalation 


Aspiration via the nasogastric tube (if present) should 
be performed before tracheal extubation to remove gas- 
tric liquid. In emergency patients, extubation should be 
performed with the patient awake so that airway con- 
trol is continuous. Partial incompetence of laryngeal 
reflexes may occur in the immediate post-extubation 
period, especially if local anaesthetic spray has been 
used. In this event, recovery should take place with the 
patient in the lateral head-down position, with facilities 
at hand for suction, oxygenation and reintubation. 

Current practice is usually to extubate the trachea 
as the patient regains response to command as this 
minimizes the risks of both laryngospasm and inhala- 
tion of gastric material. 


EMERGENCE AND RECOVERY 


After completion of surgery, anaesthetic agents are 
withdrawn and oxygen 100% is delivered. Following 
removal of the tracheal tube or LMA, the patient’s air- 
way is supported until respiratory reflexes are intact. 
The patient’s muscle power and coordination are as- 
sessed by testing hand grip, tongue protrusion or a 
sustained head lift from the pillow in response to com- 
mand. Adequacy of neuromuscular transmission may 
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also be assessed before the patient is conscious (see Ch 6). 
Return of adequate muscle power must be ensured be- 
fore the patient leaves theatre. Full monitoring of the 
patient should not be discontinued before recovery of 
consciousness. 

The patient is then ready for transfer from the op- 
erating table to a bed or trolley. Oxygen is delivered by 
face mask during transport, and further recovery takes 
place in a recovery area of theatre or in the recovery 
ward (see Ch 40). 

The lateral recovery position (see Fig. 21.7) is ad- 
opted unless the anaesthetist is satisfied that this is un- 
necessary. The patient is turned on one side, upper leg 
flexed and lower extended; the head is on one side and 
the tongue falls forward under gravity, thus avoiding 
airway obstruction. 
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T his important topic can be divided into antici- 
pated and unanticipated difficult airway manage- 
ment. Although both situations may require similar 
techniques, the approach, urgency and risk of ad- 
verse outcomes differ considerably between the two 
settings. 

Difficulties arise most commonly at the start or 
end of anaesthesia, with the former the more com- 
mon. Difficulty at the end of anaesthesia involves 
either airway obstruction or aspiration; when the 
problem is airway obstruction, difficulty may be 
categorized in the same manner as difficulty af- 
ter induction. Difficult airway management may 
involve any of the four main categories of airway 
management: 


= face-mask ventilation 

m supraglottic airway device (SAD) placement and 
ventilation 

= tracheal intubation 

m emergency surgical airway (including cannula 
cricothyroidotomy and surgical techniques). 


Airway management is usually routine and straight- 
forward, but each of the above techniques may fail. 
Anaesthetists are used to high levels of success at what 
they do and routine airway management does not 
usually fail. The frequency of failure of routine airway 
management is as follows: 


m face-mask ventilation <1 in 700 
m laryngeal mask ventilation <1 in 100 
m tracheal intubation <1 in 1500 
m tracheal intubation and 

mask ventilation (CICV) ~1 in 5000. 
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MANAGEMENT OF THE 
DIFFICULT AIRWAY 


CICV is an abbreviation for ‘Cant intubate, can’t 
ventilate’. 

Failure rates probably vary depending on defini- 
tions used, operator experience and the group of 
patients examined. Novices may have failure rates 
more than 10-fold higher. Difficulty may arise at 
least 10 times more often than failure. For example, 
difficult laryngoscopy (and hence difficult intu- 
bation) occurs in about 6% of intubations in un- 
selected patients but in selected groups, e.g. those 
presenting for cervical spine surgery, this may be 
as high as 20%. The urgency of a procedure also 
contributes to ease and success. During emergency 
intubation (with rapid sequence induction), intuba- 
tion fails approximately eight times as often as dur- 
ing elective intubation. 

About a quarter of major airway emergencies oc- 
cur in the Intensive Care Unit (ICU) or the emergency 
department and it is necessary to ensure that the same 
response to airway difficulty can be provided in these 
locations as in the operating theatre. In the emergency 
department, tracheal intubation may be difficult in 1 
in 12, fail as often as 1 in 50, and an emergency surgical 
airway has been reported to be needed as often as 1 in 
200 intubation attempts. 

Although it is important not to dismiss complica- 
tions arising during uncomplicated airway manage- 
ment, the vast majority of complications occur during 
‘difficult airway management, however defined. 

Airway management difficulties contribute to a 
large proportion of anaesthesia-related deaths and 
CICV accounts for over 25% of all anaesthesia-related 
deaths. 


BEFORE MANAGING THE 
DIFFICULT AIRWAY 


Preparedness 


The key to safe management of the difficult airway is 
preparedness. 


Organizational Preparedness 


Guidelines. Organizational preparedness requires that 
those events which might reasonably be anticipated 
to occur can be managed appropriately in the orga- 
nization. This in turn requires guidelines (or policies) 
and equipment. As a minimum, the guidelines should 
cover the following: 


m management of unanticipated difficult tracheal 
intubation 

m management of unanticipated CICV 

m triggers and mechanisms for getting assistance 
when airway difficulty is anticipated or unex- 
pectedly encountered 

m information to provide to a patient after a dif- 
ficult airway event. 


Guidelines will also ideally include unexpected 
failed mask ventilation and unexpected failed insertion 
of a SAD. Guidelines might also address the indications 
for fibreoptic intubation and management of extuba- 
tion of the difficult airway. These guidelines need not 
be created by every institution and there is much to 
be said for nationally accepted or published guidelines 
being adopted as local policy (e.g. the Difficult Airway 
Society [DAS] guidelines in the UK). There are several 
advantages to widespread adoption of this approach; 
for example, practice becomes based on available evi- 
dence and employees who move between hospitals will 
be immediately familiar with emergency protocols. 


Equipment. Logic dictates that the equipment needed 
to satisfy institutional preparedness is that which is 
needed for all the guidelines to be carried out in their 
entirety. This equipment should be procured, stored, 
maintained and checked appropriately to ensure that it 
is readily available whenever and wherever it is required. 
Difficult airway equipment (perhaps better described 
as advanced airway equipment) is usually maintained 
in an airway trolley (Fig. 22.1). It is advisable for all 
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FIGURE 22.1 


A difficult airway trolley. 


airway trolleys in an organization to have the same 
content and layout; this includes areas such as ICU 
and the emergency department. Organizing the airway 
trolley so that the layout of the equipment matches the 
flow of the airway guideline may improve compliance 
with the guideline and patient care; an example based 
on the DAS guideline is shown in Figure 22.2. 


Communication and Training. The final aspect of insti- 
tutional preparedness is communication and training. 
Guidelines are of limited value if they are not under- 
stood, accepted and practised by the relevant staff. Many 
hospitals have access to training in advanced airway 
management. Guidelines should be distributed widely. 
Training should involve the use of local guidelines and 
locally available equipment to ensure relevance. Where 
possible, those individuals who work together in teams 
should be trained together so that the chances of the 
team working well in an emergency are enhanced. The 
‘team need not be limited to the anaesthetist and anaes- 
thetic assistant, and some training (rather like a trauma 
team) allocates specific roles to surgeons, scrub nurses 
and other anaesthetists who attend to help in a crisis. 


THE HOSPITAL 


NHS Trust 


Plan A: 


Initial intubation 
strategy 


Elective intubation 


Rapid sequence induction 


Plan B: 


Secondary intubation 
strategy 


Not in rapid sequence 


D 


Plan C: 


Oxygenation and 
ventilation 


Wake patient up 


Consider sugammadex 


Plan D: 


Can't intubate, 
can’t ventilate 
CICV 


Unanticipated difficult intubation strategy N H S 
- ‘Call for help’ 
Optimum position Bougie Alternative C-MAG 
laryngoscope 


ILMA, pLMA or cLMA 


then 
fibreoptic, 
Aintree 
and 
ETT 7.0 


Face mask, oro- or nasopharyngeal cLMA, pLMA or ILMA 


MTRS 


T A LS 


Melker Quicktrach Manujet and jet Surgical airway 
ventilation catheter 


FIGURE 22.2 Ħ An example ofa local protocol for management of unanticipated difficulty in securing the airway. (Adapted from 
a figure provided by kind permission of Dr C Thompson.) 


While there is no evidence that such an approach im- 
proves outcome in real airway emergencies, it probably 
enables an organized, systematic approach and has the 
value of enabling a ‘team leader’ to oversee the manage- 
ment of the crisis, perhaps avoiding ‘task fixation’ and 
promoting ‘situation awareness. 

Institutional preparedness is a process whereby the 
organization facilitates good difficult airway manage- 
ment by individuals. Such preparation usually requires 
that the organization has a nominated airway lead for 
this role, usually a consultant anaesthetist. 


Personal Preparedness 


Individual anaesthetists have a clear responsibility 
to be prepared to manage the difficult airway. At 
different stages of training and expertise the re- 
sponsibilities will differ. The elements of individual 
preparedness are: 


m education 
m training 
m patient assessment and planning. 


Through appropriate education, individual anaes- 
thetists should ensure that they have the appropriate 
knowledge and skills to deal with anticipated and un- 
anticipated airway difficulties and emergencies which 
they may reasonably expect to encounter. It is also 
important that the less experienced know the limita- 
tions of their expertise and therefore when to call for 
assistance. 

Individual training requires that each anaesthetist 
is familiar with local guidelines and is trained to find 
and use the locally available equipment according to 
local guidelines. Training should also include an un- 
derstanding of how the less experienced anaesthetist 
seeks senior assistance. To the trained anaesthetist, 
management of the difficult airway should become a 
part of routine practice. 

Appropriate individualized assessment and plan- 
ning is a vital part of personal preparedness and is dis- 
cussed below. 


Assessment and Planning a Strategy. While it is ac- 
cepted that not all cases of airway difficulty can be 
anticipated (perhaps 50% are unanticipated), many 
can be. Airway assessment is discussed in detail in 
Chapter 21. Only principles are discussed here. 
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Airway assessment involves using patient history, 
previous notes and any other available documentation 
(e.g. alert bracelets) to identify: 


m any previous airway problems 

m any clinical symptoms or signs that predict 
difficulty 

m any clinical symptoms or signs that predict ease. 


Assessment should include an assessment of the 
likely ease or difficulty of performing the planned 
primary airway technique and potential rescue tech- 
niques. Assessment should also specifically assess the 
risk of aspiration. When difficulty with one technique 
is identified, particular attention is required in assess- 
ment of other techniques, first because that rescue 
technique is more likely to be required and second 
because in patients in whom one technique fails there 
is an increased likelihood that other techniques will 
also fail. Multiple airway problems tend to co-exist in 
the same patient. 

While there are many features that may predict dif- 
ficult airway management the following should raise 
particular concerns: 


m obesity (BMI >30kgm~) and morbid obesity 
(BMI >40kgm~”’). 

obstructive sleep apnoea 

previous radiotherapy to the neck/floor of mouth 
mouth opening <2.5cm 

fixed flexed neck 

high risk of aspiration (this will severely restrict 
many options). 


The importance of assessment and planning is un- 
derlined by the fact that several large studies examin- 
ing major airway complications have identified failure 
to assess, failure to alter technique in the light of find- 
ings, and failure to have back-up plans as causes of 
poor outcomes. 

A strategy is a logical sequential series of plans which 
aim to achieve oxygenation, ventilation and avoidance 
of aspiration and which are appropriate to the patient’s 
specific features and condition. Airway management 
should not rely on the success of plan A and should be 
based on a clear strategy that is communicated to all. 
An aphorism that may encapsulate this is ‘in order to 
succeed, it is necessary to plan for failure. Guidelines 
are, in essence, a strategy for unexpected difficulty. The 
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strategy should usefully identify a ‘place of safety’; this 
is a pre-planned rescue plan when problems arise; for 
instance, if insertion of a laryngeal mask is known to 
be successful this may be the place of safety, but alter- 
natively the safest option may be to allow the patient 
to wake. 

Assessment is a pointless ritual unless the chosen 
technique is adjusted as necessary according to the 
findings. The strategy should be consistent with the 
findings at assessment. 


MANAGEMENT OF THE DIFFICULT 
AIRWAY 


Training, Teamwork and Human Factors 


Many “airway disasters’ are associated with poor plan- 
ning, use of techniques that are unfamiliar to the user 
(sometimes used incorrectly or sub-optimally), poor 
team-work and poor communication. Human factors 
associated with airway management complications 
include: 


m misuse of equipment through lack of knowledge 
or training 

task fixation 

poor situation awareness 

communication problems 

lack of leadership 

poor team-working 

failure to follow guidelines. 


Task fixation is the tendency, having started a task 
(e.g. tracheal intubation), to persevere with attempts to 
complete that task, even when it is not in the patient’s 
interest (e.g. repeated attempts risking airway trauma 
and progression to CICV). Situation awareness should 
enable the anaesthetist (or someone else in the team) to 
realise that the task is failing and that another technique 
or approach is necessary, or perhaps that priorities have 
changed (e.g. from intubation to oxygenation and wak- 
ing the patient). When a team works well together and 
hierarchical boundaries are broken down, communi- 
cation within the team is enhanced. A level hierarchy 
should not be confused with lack of leadership; the 
ability of one person to step aside and observe the team 
behaviour may have value. Conversely, multiple indi- 
viduals all pursing their own approach to managing the 
crisis is unlikely to be constructive or successful. 


Good team-work and avoiding the pitfalls of hu- 
man factors does not happen by accident and requires 
that a team works together and is trained in human 
factors and teamwork together. 


Before Approaching the Difficult Airway 


Several questions can usefully be considered before 
approaching any anticipated difficult airway. These 
questions are based on the preamble to the American 
Society of Anesthesiologists’ (ASA) Difficult Airway 
algorithm. 


Will delivery of oxygen be difficult? 

Will face-mask ventilation be difficult? 

Will SAD placement be difficult? 

Will tracheal intubation be difficult? 

Will direct access to the trachea be difficult? 
Will there be problems with patient consent or 
co-operation? 


Consider the relative merits of: 


m securing the airway with the patient awake or 
anaesthetized 

m making the initial approach to tracheal intuba- 
tion direct or indirect 

m maintaining spontaneous ventilation or ablating 
it during airway management. 


The ASA also makes the recommendation to 
‘actively pursue opportunities to deliver supplemen- 
tal oxygen throughout the process of difficult airway 
management. 


Securing the Airway Awake 


When airway difficulty is anticipated, the point at 
which the anaesthetist risks loss of control and ‘burn- 
ing bridges’ is likely when general anaesthesia is in- 
duced. At this point, respiratory drive is diminished 
or obliterated, airway reflexes are largely ablated and 
the loss of muscle tone of the airway means that the risk 
of airway obstruction increases dramatically. If general 
anaesthesia is induced, the time from cessation of 
administration to patient waking is often up to 10 min, 
which is more than sufficient to cause profound 
hypoxaemia, hypoxic tissue injury or even death. 
Securing the airway awake should be considered 
actively whenever significant difficulty in intubation 
is predicted. The argument for this increases when 


mask ventilation is predicted to be difficult, when 
rescue techniques such as direct tracheal access are 
predicted to be difficult and when there is a high risk 
of aspiration. 

Although awake fibreoptic intubation (AFOI) is 
generally considered the standard mode of awake intu- 
bation, there are several methods of awake intubation 
reported. These include: 


m awake fibreoptic intubation via oral or nasal routes 
m topical anaesthesia of the oral route followed by: 
= awake direct laryngoscopy (standard laryngo- 
scope) 
= awake indirect laryngoscopy (rigid fibreoptic 
laryngoscope/videolaryngoscope) 
m awake intubation via an intubating LMA 
= awake intubation via another SAD 
m awake tracheostomy or surgical 
roidotomy. 


cricothy- 


While not all anaesthetists currently have the skills 
and experience to perform AFOI, such skills must be 
available in every anaesthetic department at all times 
and should be deployed whenever indicated. 


Administration of Muscle Relaxants in the Patient 
with a Difficult Airway 


When general anaesthesia is administered, neuro- 
muscular blocking drugs can be friend or foe during 
difficult airway management. It is notable that neuro- 
muscular blockade is not usually necessary for mask 
ventilation or SAD insertion, but does facilitate tra- 
cheal intubation and probably insertion of an emer- 
gency surgical airway. 

When mask ventilation is problematic, administra- 
tion of a neuromuscular blocking agent usually makes 
ventilation easier. This has led some to promote the 
use of neuromuscular blockade when mask ventila- 
tion is difficult in patients with a difficult airway. 
However, it is important to note that the evidence 
of easier ventilation is derived from patients who are 
not particularly difficult in the first place. In contrast, 
there is no robust evidence that neuromuscular block- 
ade makes ventilation reliably easy when dealing with 
patients with abnormal anatomy or an anticipated 
difficult airway. There is also no robust evidence 
that neuromuscular blockade reliably converts CICV 
to a situation in which ventilation is possible. The 
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disadvantage of inducing neuromuscular blockade 
in this situation is that it commits the anaesthetist to 
securing the airway promptly and eliminates the op- 
tion of waking the patient. Patients who are difficult 
or impossible to ventilate using a face mask are also at 
increased risk of failed intubation. Thus administra- 
tion of a neuromuscular blocker may be reasonable 
when difficult mask ventilation occurs and waking 
the patient is not desirable but the anaesthetist must 
be prepared to manage a critical airway if it does not 
improve the situation. 

In contrast, when both mask ventilation and in- 
tubation have failed, if waking the patient is not pos- 
sible, there is little to be lost and much to be gained by 
administering a neuromuscular blocker. If successful, 
it will avoid an unnecessary emergency surgical airway 
and may save the patient’s life. 

The subject remains controversial but can be sum- 
marized as follows: 


m neuromuscular blockade often makes difficult 
mask ventilation easier 

m this is not universal and is uncertain in anatomi- 
cally abnormal patients 

m administration of a neuromuscular blocker re- 
moves the possibility of waking the patient 

m if neuromuscular blockade is used to manage dif- 
ficult mask ventilation, the anaesthetist must be 
adequately prepared to secure the airway, includ- 
ing managing a CICV situation 

m even if it was not part of the initial airway man- 
agement strategy, if CICV occurs and waking the 
patient is not an option, a muscle relaxant should 
be given before determining the need to proceed 
to a surgical airway. 


Selecting an Appropriate Size of Tracheal Tube 


A couple of decades ago, the use of tracheal tubes as 
large as 10 mm internal diameter was routine. While 
smaller tracheal tubes are used by most anaesthe- 
tists, some persist in using tracheal tubes as large 
as 9mm internal diameter. In the circumstance of 
difficult airway management, there is a strong argu- 
ment for using small tracheal tubes. A smaller tra- 
cheal tube: 


m passes though some narrow lumens which a 
larger tracheal tube will not pass 
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m passes through a narrow lumen with greater ease 
and with less risk of trauma to the airway 

m is easier to ‘railroad’ over a bougie or exchange 
catheter with less risk of ‘hold-up’ during 
insertion. 


Spontaneous ventilation is rarely required for pro- 
longed periods after tracheal intubation and all but the 
most impaired patient can breathe with ease through 
a tracheal tube of 6mm internal diameter. Selection 
of a tracheal tube of 6.0-6.5mm internal diameter 
may make airway management easier and use of tubes 
larger than 7.0mm is rarely indicated. 


DIFFICULT AIRWAYS AND THEIR 
MANAGEMENT 


The ASA and DAS Guidelines 


Because problems relating to the management of a 
difficult airway are the leading cause of death related 
to anaesthesia, the need for guidelines to formalize 
and help in the management of the difficult airway 
has been recognized in many countries. Major com- 
plications arising from difficult airway management 
are relatively rare but they are frequent enough that 
almost all anaesthetists will encounter them in their 
careers. 

The first guidelines were published in 1993 by the 
ASA. The introduction of guidelines in the USA has 
been demonstrated to have led to a reduction in death 
and brain damage claims (and therefore probably 
critical incidents) related to airway management, most 
notably at the time of induction of anaesthesia. Many 
European countries developed their own guidelines in 
subsequent years. While all these claim to be evidence- 
based, the paucity of robust evidence means that most 
guidelines differ significantly from each other, often 
reflecting local preferences. The UK guidelines were 
published by the Difficult Airway Society in 2004. The 
major differences between the guidelines published by 
the ASA and DAS are summarized in Table 22.1. Both 
emphasize the most important principles in airway 
management: 


m to have devised a plan for airway management 
in the eventuality of it proving difficult, and a 
backup plan(s) which has been prepared for and 
practised 


m priority must be given to ensuring oxygenation 
and preventing iatrogenic trauma to the airway 
at all times. 


The ASA guidelines cover airway assessment and 
a number of different difficult airway situations. 
They offer the user a wide choice of options at each 
point of airway difficulty. They recommend multiple 
different techniques and it is likely that not all will 
be within the competence of all anaesthetists. They 
offer ‘choices’. In contrast, the DAS guidelines are di- 
dactic and present a single recommended pathway 
arranged in plans A to D and differentiating between 
the patient undergoing routine intubation or rapid 
sequence induction. They do not prescribe any ad- 
vanced techniques but recommend simple proce- 
dures using equipment that should be familiar to 
all anaesthetists in training. They also strongly em- 
phasize the need for regular practice of the recom- 
mended techniques using simulators and manikins 
where appropriate. The DAS guidelines are shown in 
Figures 22.3—22.5. 


Difficult Mask Ventilation 


The first problem encountered in any difficult 
airway situation is often difficulty with face-mask 
ventilation. This is a vital step because it repre- 
sents the basic and least invasive way of ensuring 
oxygenation of the patient. For mask ventila- 
tion to occur, a clear, sealed and patent airway from 
face mask to the lower airway is required. Difficulty 
can be diagnosed when there is inadequate chest 
movement despite high airway pressures (in the 
case of obstruction) or very low airway pressures 
(due to a leak during inspiration). Capnography 
and spirometry, both of which are available on 
most modern anaesthetic machines, can also iden- 
tify poor ventilation before hypoxaemia occurs 
(Fig. 22.6). 


Difficulties with Mask Ventilation can be due to: 


= failure to maintain a patent upper airway (by far 
the most common problem) 

m laryngeal obstruction (either spasm or pathology) 

m obstruction below the larynx, in the trachea, 
bronchi or in patients with reduced pulmonary 
compliance. 
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TABLE 22.1 


Comparison between the American Society of Anesthesiologists’ and Difficult Airway Society’s 
Guidelines Dealing with Management of the Difficult Airway 


ASA Guidelines 2012 


DAS Guidelines 2004 


Breadth of ‘difficult airway’ 
management covered 


experiences difficulty with face mask 
ventilation of the upper airway, difficulty 


A clinical situation in which a 
conventionally trained anesthesiologist 


A Cormack and Lehane grade 3 or 4 view 
despite optimal direct laryngoscopy, using an 
alternative laryngoscope and external laryngeal 
manipulation 


with tracheal intubation or both 


Evaluation of the airway 11 non-reassuring findings 


Not covered 


Number of attempts at >3, multiple attempts 
laryngoscopy allowed before 


moving to a different technique 


Up to 4 during routine intubation and 3 
during RSI. A further single attempt if a more 
experienced anaesthetist arrives. 


Techniques recommended for 
difficult intubation 
invasive airway access 


Multiple including AFOI, blind, 
retrograde, LMA used as conduit and 


Optimal laryngoscopy with gum elastic bougie 
(Plan A), then LMA/ILMA as conduit using 
fibreoptic control (Plan B)* then invasive airway 
access (Plan D) 


Order of techniques None given Clear flow chart 
Recommendations for extubation Yes Published separately (2012) 
Recommendations on training None given Should form part of all anaesthetist training 


*Plan B is omitted during RSI. 


RSI, rapid sequence induction; AFOI, awake fibreoptic intubation; LMA, laryngeal mask airway; ILMA, intubating laryngeal mask airway. 


Face-mask ventilation requires the combination 
of: establishing a seal between the mask and the face; 
maintaining a clear upper airway; and ventilation of 
the lungs. Flexion of the lower cervical spine, extension 
of the upper cervical spine and mandibular protrusion 
are required, ideally with good quality facial soft tis- 
sues to enable an adequate seal with the mask. Using 
a “C-grip, the thumb and first finger are used to hold 
the mask pushing downwards while the remaining 
three fingers pull the chin, jaw and soft tissues into the 
mask while also maintaining head and neck positions 
(Fig 22.7). Manual ventilation is performed with the 
anaesthetist’s other hand. Problems with the upper air- 
way can often be predicted by prior airway assessment. 
Patients for whom obtaining an adequate mask seal 
is often problematic include the edentulous elderly, 
bearded patients and those who require high ventila- 
tion pressures, such as the morbidly obese. 

If there are problems with maintaining patency of 
the airway, the following simple measures should be 
employed: 


m jaw thrust 

m chin lift 

m insertion of an appropriately sized oropharyn- 
geal airway 

m consideration of a nasopharyngeal airway 

m a two-person technique (Fig. 22.8) 

m a three-person technique (Fig 22.9). 


In a two-person (four-handed) technique, the senior 
anaesthetist holds the mask with two hands, one on ei- 
ther side of the mask, maintaining the airway seal and 
head and neck position, while a second person performs 
manual ventilation. In the three-person (six-handed) 
technique, the third person acts solely to improve airway 
positioning and seal with jaw thrust. In an alternative 
technique, one or two people maintain the airway and the 
reservoir bag is squeezed by a foot, or mechanical venti- 
lation is employed. If ventilation is still not possible and 
the depth of anaesthesia is adequate an appropriate SAD 
should be inserted. Ensure adequate depth of anaesthesia 
and muscle relaxation where appropriate. 
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Unanticipated difficult tracheal intubation | - during routine induction of anaesthesia in an adult patient 


Direct Any Call 
laryngoscopy problems for help 


Plan A: Initial tracheal intubation plan 
Direct laryngoscopy S A 
a j ; F uccee 
check: neck flexion and head extension Not more than Trashealintubatlon 
Laryngoscope technique and vector 4 attempts 
External laryngeal manipulation maintaining: 
— by laryngoscopist ` 
Vocal cords open and immobile (1) oxygenation : 7 ; 
If poor view: with face mask and Verify tracheal intubation 
Introducer (bougie) — seek clicks or hold-up (2) anaesthesia (1) Visual, if possible 
and/or alternative laryngoscope (2) Capnograph 
— - (3) Oesophageal detector 
Failed intubation ‘If in doubt, take it out’ 
Plan B: Secondary tracheal intubation plan 
| Confirm: ventilation, oxygenation, 
anaesthesia, CVS stability and muscle 
ILMA or LMA Succeed relaxation - then fibreoptic tracheal intubation 
Not more than 2 insertions | through ILMA or LMA - 1 attempt 
Oxygenate and ventilate If LMA, consider long flexometallic, 
nasal RAE or microlaryngeal tube 
Failed oxygenation Verify intubation and proceed with surgery 
(e.g. SPO; <90% with FiO, 1.0) 
via ILMA or LMA Failed intubation via ILMA or LMA 


Plan C: Maintenance of oxygenation, ventilation, 
postponement of surgery and waking 


| 


Revert to face mask 
Oxygenate and ventilate Succeed 
Reverse non-depolarizing relaxant — pe 
1 or 2 person mask technique 
(with oral + nasal airway) 


Postpone surgery 
Wake patient 


Failed ventilation and oxygenation 


Plan D: Rescue techniques for Difficult Airway Society 


‘can't intubate, can't ventilate’ situation auidelines QW cuatt 2004 
(use with DAS guidelines paper) 


FIGURE 22.3 Difficult Airway Society guideline for unanticipated difficult tracheal intubation during routine induc- 
tion of anaesthesia in an adult patient. (Adapted from Henderson JJ, Popat MT, Latto IP, Pearce AC. Difficult Airway Society 
guidelines for management of the unanticipated difficult intubation. Anaesthesia 2004; 59:675—964, with permission from Blackwell 
Publishing Ltd. LMA, laryngeal mask airway; ILMA, intubating laryngeal mask airway.) 
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Unanticipated difficult tracheal intubation | - during rapid sequence induction of anaesthesia in non-obstetric adult patient 


Direct Any Call 
laryngoscopy problems for help 


Plan A: Initial tracheal intubation plan 

Pre-oxygenate Succeed 

Cricoid force: 10N awake —> 30N anaesthetized NOt more th Qe | Tracheal intubation 

Direct laryngoscopy - check: 3 attempts, 

e Neck flexion and head extension maintaining: 

e Laryngoscopy technique and vector (1) oxygenation with 

e External laryngeal manipulation face mask Verify tracheal intubation 
~ by laryngoscopist inci 1) Visual, if possible 

e Vocal cords open and immobile (2) cricoid pressure and (o visual If possi 

If poor view: (3) anaesthesia (2) Capnograph 

Reduce cricoid force (3) Oesophageal detector 

e Introducer (bougie) — seek clicks or hold-up ‘If in doubt, take it out’ 
and/or alternative laryngoscope 


Failed intubati : : z 
ar f men ee 4 Plan B not appropriate for this scenario 
i I 


Plan C: Maintenance of oxygenation, ventilation, 
postponement of surgery and waking 


Maintain 30N cricoid force 


Use face mask, oxygenate and ventilate 
1 or 2 person mask technique Succeed 
(with oral + nasal airway) 
Consider reducing cricoid force if 
ventilation difficult 
Failed oxygenation 
(e.g. SPO <90% with FiO» 1.0) 
via face mask 
| Postpone surgery 
and wake patient if 
a MA : Succeed possible or continue 
Reduce cricoid force during insertion |-————_—___$ << — > EESAN 
Oxygenate and ventilate LMA or ProSeal LMA - 
Failed ventilation and oxygenation i a 


| 


Plan D: Rescue techniques for *. Difficult Airway Society 


‘can't intubate, can't ventilate’ situation GAINES Fow chart 2004 
(use with DAS guidelines paper) 


FIGURE 22.4 = Difficult Airway Society guideline for unanticipated difficult tracheal intubation during rapid sequence induction 
of anaesthesia in a non-obstetric adult patient. (Adapted from Henderson JJ, Popat MT, Latto IP, Pearce AC. Difficult Airway Society guidelines 
for management of the unanticipated difficult intubation. Anaesthesia 2004; 59:675—694, with permission from Blackwell Publishing Ltd.) 


Failed intubation, increasing hypoxaemia and difficult ventilation in the paralyzed anaesthetized patient: 


Rescue techniques for the ‘can't intubate, can't ventilate’ situation 


Face mask 


Failed intubation 
and difficult ventilation ————» 
(other than laryngospasm) 


Oxygenate and ventilate patient 
Maximum head extension 
Maximum jaw thrust 
Assistance with mask seal 

Oralt 6mm nasal airway 

Reduce cricoid force — if necessary 


Failed oxygenation 
(e.g. SpO2 <90% with FiO2 1.0) 
via face mask 


call for help 


l 


Oxygenation 


LMA Oxygenate and ventilate patient 
Maximum 2 attempts at insertion 
Reduce any cricoid force during insertion 


satisfactory 

and stable: 
Maintain 

oxygenation 


Succeed 
— eS 


‘can't intubate, can't ventilate’ 
situation with increasing hypoxaemia 


and wake 
patient 


Plan D: Rescue techniques for 
‘can't intubate, can't ventilate’ situation 


or 


Cannula cricothyroidotomy 

Equipment: 

e Kink-resistant cannula, e.g. Patil (Cook) or Ravussin (VBM) 
e High-pressure ventilation system, e.g. Manujet III (VBM) 


Technique: 

1. Insert cannula through cricothyroid membrane 

2. Maintain position of cannula - assistant's hand 

3. Confirm tracheal position by air aspiration - 20mL syringe 

4. Attach ventilation system to cannula 

5. Commence cautious ventilation 

6. Confirm ventilation of lungs, and exhalation through 
upper airway 

7. If ventilation fails, or surgical emphysema or any other 
complication develops — convert immediately to surgical 
cricothyroidotomy 


Fail 


Surgical cricothyroidotomy 

Equipment: 

e Scalpel - short and rounded (no. 20 or Minitrach scalpel) 

e Small (e.g. 6 or 7 mm) cuffed tracheal or tracheostomy tube 


4-step technique: 
1. Identify cricothyroid membrane 


2. Stab incision through skin and membrane 
Enlarge incision with blunt dissection (e.g. scalpel handle, 
forceps or dilator) 


3. Caudal traction on cricoid cartilage with tracheal hook 
4. Insert tube and inflate cuff 

Ventilate with low-pressure source 

Verify tube position and pulmonary ventilation 


Notes: 1. These techniques can have serious complications — use only in life-threatening situations 
2. Convert to definitive airway as soon as possible 
3. Postoperative management - see other difficult airway guidelines and flow-charts 
4. 4mm cannula with low-pressure ventilation may be successful in patient breathing spontaneously 


FIGURE 22.5 


Difficult Airway Society 
Guidelines Flow-chart 2004 
(use with DAS guidelines paper) 


Difficult Airway Society guideline for management of failed intubation, increasing hypoxaemia and difficult ven- 


tilation in the paralysed, anaesthetized patient, with rescue techniques for the ‘can't intubate, can't ventilate’ situation. (Adapted 
from Henderson JJ, Popat MT, Latto IP, Pearce AC. Difficult Airway Society guidelines for management of the unanticipated difficult intubation. 
Anaesthesia 2004; 59:675—694, with permission from Blackwell Publishing Ltd.) 
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FIGURE 22.6 = (A) A normal capnograph trace. (B) A flow-volume loop from a patient with an unobstructed airway. 


FIGURE 22.8 = Mask ventilation with two people. See text 
for details. 


FIGURE 22.7 ® Mask ventilation with one person. Note the 
C-grip of the fingers over the mask and the three fingers sup- FIGURE 22.9 ® Mask ventilation with three people. See text 
porting the airway. for details. 
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MANAGEMENT OF UNPREDICTED 
DIFFICULT INTUBATION 


Every anaesthetist should have a strategy prepared 
for dealing with problems with intubation, includ- 
ing plans for the more serious situation of CICV. The 
DAS algorithm is a suitable approach and is shown 
in 5. This, or another equally valid 
strategy, should be familiar to all anaesthetists who are 
practising without direct supervision. 

Management is in four parts which should be 
approached in sequence in the event of deterio- 
rating oxygenation and increasing difficulty with 
ventilation. 


Plan A: Primary Intubation Attempt 


This involves the first and best attempts at intubation. 
It requires good pre-oxygenation, optimal position- 
ing, optimal anaesthesia, appropriate neuromuscular 
blockade and an appropriate laryngoscope blade. Use 
of external laryngeal manipulation and a (high qual- 
ity) bougie are appropriate. If there is difficulty, the 
anaesthetist should call for help, but not send away 
their primary assistant. Attempts at intubation must 
be limited to no more than four (preferably fewer) 
as multiple attempts at laryngoscopy are associated 
with increased risk of airway trauma, failed rescue 
techniques, CICV, morbidity and mortality. The ma- 
jor concern is of converting a patient who cannot be 
intubated but can be ventilated into one who cannot 
be intubated or ventilated. A final attempt is deemed 
appropriate if a more experienced anaesthetist arrives 
and adequate face mask ventilation can be maintained. 

There is no necessity to use the same laryngo- 
scope blade for all attempts at intubation. Alternative 
blades include a long (size 4) Macintosh blade, the 
McCoy (levering laryngoscope) blade and a num- 
ber of straight-bladed laryngoscopes (e.g. Miller, 
Henderson). Arguably, at least one attempt should 
be with a McCoy blade (F ) because it is rec- 
ognized to move the fulcrum of the force applied to 
the airway distally and to improve the view when la- 
ryngoscopy is awkward. Use of a straight blade may 
offer the benefit of using an alternative approach 
to the laryngoscopy, such as a retromolar approach 
( ), and this may be helpful, particularly if 
there is a small mandibular space. 
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FIGURE 22.10 = The McCoy laryngoscope. 


FIGURE 22.11 
ryngoscope blade. 


A retromolar approach using a straight la- 


Rigid videolaryngoscopy is appropriate at this point 
for those with the appropriate skills and training. This 
is discussed below. 


Plan B: Secondary Intubation Attempt 

This is appropriate if adequate ventilation is pos- 
sible and anaesthesia can be maintained. A classic 
(cLMA) or intubating (ILMA) laryngeal mask airway 
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is inserted to enable ventilation and is then used as a 
conduit for intubation. Fibreoptic guidance of intuba- 
tion is recommended. 


Intubation Via a SAD. The cLMA is recommended 
because it is a device with which all anaesthetists are 
familiar. The cLMA does have several important limi- 
tations for such a use. 


= The tube lumen is relatively narrow. To intubate 
through a size 3 cLMA requires a tracheal tube 
of maximum internal diameter of 6mm (size 4, 
6.5mm; size 5, 7.0mm). 

m The LMA aperture bars can obstruct the passage 
of the tube. 

m The length of the cLMA tube requires a long tra- 
cheal tube to ensure that the trachea is entered. 
= Removal of the LMA may be awkward once the 
tracheal tube has been successfully inserted and 

may risk displacing the tracheal tube. 


In view of these limitations, a microlaryngeal or 
long flexometallic tube is recommended. 

Several of these issues may be overcome by the use 
of an alternative SAD as a conduit. The ProSeal LMA 
and i-gel have no aperture bars and may be better 
rescue devices. Current evidence, published since the 
publication of the DAS guidelines, supports use of the 
ProSeal and i-gel for fibreoptic guided intubation. 
Blind intubation via any standard SAD is extremely 
unlikely to be successful and cannot be recommended. 
The use of fibrescope through a SAD has a high suc- 
cess rate, is a relatively low-skill procedure and may be 
practised both in manikins and in patients in a non- 
emergency setting, with appropriate consent. 

An important modification of this technique, 
which is not included in the DAS guidelines, is to use 
an Aintree Intubation Catheter (AIC). The AIC (inter- 
nal diameter 4.6mm) is slid over the fibrescope and 
fibreoptic intubation is then performed via the SAD 
(Fig. 22.12). The AIC is left in the trachea (close to the 
carina) while first the fibrescope and then the SAD 
are removed. If oxygenation is required, a connector 
is available to enable ventilation via a standard anaes- 
thetic breathing system. A lubricated tracheal tube is 
then railroaded over the AIC into the trachea and the 
AIC removed. The AIC has an external diameter of 
approximately 7.0 mm, requiring a standard tracheal tube 


of at least this size internal diameter to be inserted, 
although a 6.5mm internal diameter ILMA tracheal 
tube is also accommodated. These techniques require 
practice and it is strongly recommended that, if such 
techniques are part of departmental guidance, then an 
appropriate regular training programme should be in 
place. 


Intubation Via an ILMA. The ILMA is also an option 
for management of plan B. Unlike the other SADs, it 
is specifically designed for facilitating tracheal intuba- 
tion. The ILMA has a mask end which is similar to a 
cLMA but the grille is replaced by an ‘epiglottic elevat- 
ing bar’ which is a firm piece of silicone anchored at 
one end only. The stem of the ILMA is both shorter 
and wider than other LMAs and is rigid, with a handle 
attached on the concave side (Fig. 22.13); the stem 
passes through an angle of approximately 110°. The 
ILMA is supplied with a specifically designed ILMA 
tracheal tube (ILMA TT) which is straight, reinforced 
and has a soft bullet-shaped tip. The ILMA is supplied 
in three sizes (3-5, for patients of 30-100 kg) and each 
accommodates all sizes of ILMA TT from 6.0-8.0 mm 
internal diameter (Fig. 22.13). 

The ILMA is inserted with the head in the neutral po- 
sition by holding the handle, placing the bowl on to the 
hard palate and then advancing with a rotating move- 
ment until the ILMA is fully inserted into the airway. 

The position of the ILMA over the airway must 
then be optimized using several steps. 


m The anaesthetic circuit is attached and the pa- 
tient’s lungs are ventilated manually. 

= The ILMA is advanced or withdrawn partially or 
lifted anteriorly until the optimal ventilation po- 
sition is found. 

= If ventilation is poor, the ILMA can be re- 
moved 6cm and re-inserted to resolve epiglottic 
down-folding. 


Once the optimal position is established it is main- 
tained, the circuit is disconnected and a lubricated 
ILMA TT is inserted with the longitudinal line facing 
either backwards or forwards (as this places the bev- 
elled tip in the optimal position). 

If a blind technique is in use, the ILMA TT is ad- 
vanced until the horizontal black line on the ILMA 
TT disappears into the ILMA stem indicating that the 
tip of the tube is about to exit the ILMA, and push 
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FIGURE 22.12 © The Aintree Intubation 
Catheter inserted through a laryngeal mask air- 
way (LMA). The LMA is removed and a tracheal 
tube ‘railroaded’ over the catheter. The catheter is 
then removed, leaving the tracheal tube in place. 


FIGURE 22.13 


The intubating laryngeal mask airway 
(ILMA) kit. See text for details. 


the epiglottic elevating bar anteriorly to displace the 
epiglottis. 

The ILMA TT can then be advanced into the tra- 
chea ( ). It should enter the trachea in no 
more than a further 6-8 cm. 

The ILMA TT cuff is inflated and correct posi- 
tion confirmed with capnography and other routine 
tests. 

The success rate of the blind technique is approxi- 
mately 75% (compared to 10-15% when intubating 
blindly through other SADs). The success rate can 
be increased to close to 100% by use of a fibrescope 
within the ILMA TT to guide its direction; this is the 
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technique advocated in the DAS guidelines. When 
this technique is used, the ILMA TT may be advanced 
ahead of the fibrescope so that the epiglottic eleva- 
tor is moved out of the way (‘tube first technique’) or 
the scope may be negotiated around the elevator and 
the larynx intubated before the ILMA TT is advanced 
(‘scope first technique’). 

Although all ILMAs accept an ILMA TT of up to 
8.0mm internal diameter, there is little to be gained by 
the use of the larger sizes and the use of a size 6.0mm 
or 6.5mm tube is probably easier and is certainly large 
enough. The re-usable (pink) ILMA TT has a high- 
volume high-pressure cuff; it is a common mistake to 
inflate the cuff to standard pressures and for a leak to 
persist (especially if a small tube is used). The solution 
is simply to inflate further until the airway is sealed. 
However, because, even if a fibrescope is used, the TT 
is not seen entering the trachea, it is important to en- 
sure that the cuff is not placed at the level of the vocal 
cords; this is easily avoided by fibreoscopy through the 
tube and positioning the tip in the mid-trachea. The 
single-use ILMA TT (white-tipped) has a medium- 
volume medium-pressure cuff. 

It is recommended that the ILMA TT is inserted 
whenever the ILMA is used because it maximizes suc- 
cess rates. A sharp-bevelled rigid PVC tracheal tube 
risks intubation difficulty, laryngeal trauma and, if in- 
tubation fails, oesophageal trauma. 

When the trachea has been intubated, the ILMA 
should usually be removed. If left in place, it may 
cause minor morbidity because it exerts a moderate 
pressure against the pharyngeal wall. A ‘tube stabi- 
lizer’ is provided to facilitate this. The 15-mm con- 
nector of the ILMA TT is removed (ideally having 
been loosened before intubation) and the stabilizing 
rod is placed into the proximal end of the tube. The 
ILMA TT cuff is confirmed as inflated and the ILMA 
cuff is deflated (Fig. 22.14). The stabilizing rod is then 
used to maintain the ILMA TT position while the 
ILMA is withdrawn; at the point at which the ILMA 
is almost out of the mouth, the stabilizing rod is re- 
moved and the anaesthetist’s gloved hand is inserted 
into the mouth to hold the tube in position. There 
are two important points: first, the stabilizing rod is 
not a ‘pusher’ and the ILMA TT should not be ad- 
vanced during this procedure; second, if the stabiliz- 
ing rod is not removed before the ILMA is withdrawn 


completely, the pilot cuff of the ILMA TT is avulsed 
and the cuff deflates (this is problematic, but can be 
rescued by inserting an i.v. cannula into the cut end 
of the pilot tube to enable re-inflation, followed by 
clamping) (Fig. 22.14). 

Most evidence on the efficacy of the ILMA is based 
on a re-usable device, although a single-use PVC device 
has recently been developed. Other SADs specifically 
designed for intubation are the intubating laryngeal 
airway and the Ambu Aura-i. 


Plan C: Failed Intubation, Oxygenation 
and Waking 


If intubation cannot be achieved using the above tech- 
niques then ventilation should be maintained using 
face-mask ventilation. The patient should be woken up. 
Surgery should then be postponed or the airway es- 
tablished using an awake technique. If neuromuscular 
blockade has been established, this must be allowed to 
wear off or be reversed; sugammadex may have an im- 
portant role if rocuronium (or vecuronium) has been 
used to induce neuromuscular blockade but will not 
reverse CICV which has an anatomical or mechanical 
cause. 


Management of Unanticipated Difficult Intubation 
During RSI. The principal differences in the guidelines 
for unanticipated difficult intubation during RSI are 
as follows: 


= The patient is always fully pre-oxygenated, which 
creates more time before oxygen desaturation in 
the event of difficulties with intubation. 

m Cricoid pressure is used to prevent pulmonary 
aspiration of any regurgitated gastric contents. 

m Cricoid pressure should be reduced or briefly 
removed if it is impeding laryngoscopy. This 
should be done with ‘sucker in hand’ so that re- 
gurgitated material can be removed promptly. 

= There is no plan B for secondary attempts at tra- 
cheal intubation because the patient is at risk of 
aspiration, and succinylcholine has a relatively 
short duration of action. Consequently, in all 
but life-threatening situations, the safest course 
of action is to postpone the surgery and allow 
the patient to wake. If rocuronium is used as 
part of a modified RSI technique, sugammadex 
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FIGURE 22.14 © The use of the intubating laryngeal mask airway (ILMA). (A) ILMA TT is checked; (B) ILMA is inserted; (C) 
ventilation is optimized; (D) ILMATT is passed through ILMA; (E) ILMATT inside ILMA and position confirmed; (F) cuff of ILMA 
is deflated while TT remains inflated; (G) TT connector is removed: (H) tube stabilizing rod inserted in end of TT; (1) position of 
stabilizing rod maintained in same position as ILMA withdrawn over TT and stabilizer; (J) TT stabilized in mouth before ILMA 
removed completely; (K) stabilizing rod removed to prevent cuff trapping of TT cuff between rod and ILMA and cuff avulsion; (L) 
ILMA removed completely. 
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FIGURE 22.14 


may be used to reverse it, although this can only 
be achieved in a timely fashion if the drug is im- 
mediately available before induction commences. 

m If (as is often the case) active airway management 
is required to maintain oxygenation while the 
patient wakes, the ProSeal LMA is also advocated 
as a rescue device. 


In either situation, if, despite maximal efforts, ad- 
equate ventilation cannot be achieved with bag-mask 
ventilation or via a SAD and there is worsening oxy- 
genation, plan D should be activated. This is the final 
common pathway of the DAS guidelines and describes 
a plan for managing the CICV situation. 


Plan D: Management of the CICV Situation 


As part of plan D, a laryngeal mask airway (or other 
SAD) should be re-inserted. This may rescue the air- 
way and if it does not, it still maintains a patent upper 
airway which is important after narrow-bore cricothy- 
roidotomy to provide a route of egress for gases during 
high pressure source ventilation (see below). 

CICV can arise unexpectedly during routine anaes- 
thesia but is probably more frequent when multiple 
attempts at laryngoscopy/intubation have changed a 


Cont'd. 


‘can’t intubate, can ventilate’ situation into CICV. Risk 
factors for difficult mask ventilation overlap with risk 
factors for difficult laryngoscopy (e.g. Mallampati 
classes 3—4) and patients who are difficult/impossible 
to ventilate by mask are more likely than others to be 
difficult or impossible to intubate. 

Obesity is also an important factor when consider- 
ing CICV. Obesity is certainly a risk factor for impos- 
sible mask ventilation but the evidence is less clear-cut 
as to whether it is a risk factor for failed intubation. 
The importance lies in the fact that, when airway prob- 
lems occur in obese patients, the time available to se- 
cure the airway before profound hypoxaemia occurs 
is dramatically reduced and may be as little as 30—60 s, 
even after full preoxygenation. The presence of ob- 
structive sleep apnoea in addition to obesity increases 
the risk of airway obstruction and rapid hypoxaemia 
after induction of anaesthesia. 

All organizations should have a guideline (and indi- 
viduals a plan) for the management of CICV. The DAS 
guideline is one option (Figs 22.3—22.5). 

The principles behind management of CICV are: 


1. Give 100% oxygen and call for help 
2. Perform optimal face-mask ventilation 
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3. Insert an appropriate SAD 

4. Wake the patient if this is feasible 

5. If waking is not feasible and CICV persists, 
administer a neuromuscular blocking drug if 
not already administered 

6. If the situation is not resolved, secure the airway 
with direct tracheal access. 


Give 100% Oxygen and Call for Help. CICV is a 
life-threatening emergency. Oxygen should be de- 
livered at high flow, maximum concentration. Even 
experienced anaesthetists require assistance in these 
circumstances. Call for the emergency airway trol- 
ley. However the main assistant should not be sent 
away — rather call on others to help and ensure all 
around understand clearly that the situation is a 
critical emergency. 


Perform Optimal Face Mask Ventilation. This in- 
volves a tight-fitting appropriately sized mask. 
Continuous positive airways pressure (CPAP) and 
an anti-Trendelenburg position may be helpful. An 
oropharyngeal (and perhaps nasopharyngeal) airway 
should be inserted. Two-handed (one person) mask 
ventilation should be changed to four- or six-handed 
ventilation (Figs 22.8-22.9). 


Insert an Appropriate SAD. The ideal SAD for rescu- 
ing the airway during CICV has several properties: 


m reliable first-time insertion 

m reliable ventilation of the lungs after insertion 

m protection against aspiration of regurgitated 
material. 


Based on risk factors and epidemiology, CICV might 
typically occur in an obese, paralysed patient at risk 
of aspiration and undergoing emergency surgery. The 
evidence base supports the use of a second generation 
SAD with a high seal pressure. The ProSeal LMA, in- 
serted over a gum-elastic bougie placed in the oesopha- 
gus, is logically the best choice as this combines high 
first-time success with the best airway seal of all SADs 
and increased protection against aspiration (Fig. 22.15). 
Alternatives include the i-gel, LMA Supreme or laryn- 
geal tube suction II. 

Prospective studies suggest that the cLMA will res- 
cue many cases of CICV (>90%), while studies of poor 


FIGURE 22.15 
text for details. 


The Pro-Seal laryngeal mask airway. See 


outcomes from airway complications suggest that fail- 
ure to rescue the airway with a SAD increases the risk 
of a poor outcome. Multiple attempts at laryngoscopy 
will probably lead to laryngeal trauma and reduce the 
success rate of airway rescue with a SAD. Obesity may 
also be a risk factor. 

CICV should not be allowed to progress to a stage 
where the patient’s life is at risk without attempted res- 
cue with an appropriate SAD. 


Wake the Patient if this is Feasible. If the airway can- 
not be rescued, the default option should be to seek 
a ‘place of safety’ which in most cases involves wak- 
ing the patient up. As a rule of thumb, this should be 
considered actively in all cases of airway difficulty and, 
if it is feasible, it is the safest option. In cases where 
difficulty may be anticipated it is particularly useful to 
adopt a ‘wake up trigger’ as part of the airway strategy 
and communicate it to all around before commencing 
anaesthesia. The airway can subsequently be secured 
awake. This option is equally valid when the airway has 
been secured with a SAD. 

However, waking the patient up is not practical in 
many emergencies, most commonly because either the 
patient has received a neuromuscular blocking drug or 
because of profound progressive hypoxaemia. Less com- 
monly, the urgency of the surgery demands that it must 
proceed and the airway must be secured ‘come what may”. 


If Waking is not Feasible and CICV Persists, 
Administer a Neuromuscular Blocking Drug if not 
Already Administered. This may be considered by 


some to be controversial but we believe it is not; rather, 
it is entirely logical. It is well recognized that neuro- 
muscular blockade may assist ventilation. The only 
strong argument for not administering a neuromuscu- 
lar blocker when ventilation is difficult is the concern 
about how to manage the airway if ventilation is not 
improved. In the circumstance of CICV, where wak- 
ing is not feasible, it is not possible for the situation to 
get worse and the realistic possibility that neuromus- 
cular blockade may improve the airway means that it 
is entirely logical because it may prevent the need to 
provide an emergency surgical airway. Even if it does 
not enable ventilation, it is likely that performance of 
an emergency surgical airway will be easier after neu- 
romuscular blockade. 


If the Situation is not Resolved, Secure the Airway with 
Direct Tracheal Access. When CICV is not resolved 
by optimal face-mask ventilation, attempted SAD in- 
sertion and neuromuscular blockade, profound hy- 
poxia and cardiac arrest occur rapidly (usually within 
3-5 min) unless an airway is established and the blood 
is re-oxygenated. There are three options: 


m narrow-bore cannula with high pressure source 
ventilation 

m wide-bore cannula 

m surgical technique. 


Decision making in CICV. As, or arguably more im- 
portant than, choosing the correct device to rescue the 
airway is making the decision that a rescue procedure 
is needed. There have been numerous studies which 
illustrate that many emergency surgical airways are per- 
formed too late to prevent hypoxic brain injury or death. 
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When CICV is unresolved and hypoxia is progress- 
ing, the decision should be made and communicated 
to those around, and prompt actions should be taken. 
Even in ideal circumstances, it is unlikely the airway will 
be secured after this decision is made in less than 3 min. 
An appropriate early decision may save a life. 


EMERGENCY SURGICAL AIRWAY 
TECHNIQUES 


Devices 


Narrow-Bore Cannula with High Pressure Source 
Ventilation. A narrow-bore cannula (most are ap- 
proximately 2mm internal diameter) is usually in- 
serted as a cannula-over-needle technique through the 
cricothyroid membrane. Once inserted, ventilation is 
based on two important principles: first, a high driv- 
ing pressure is required to inflate the lungs due to the 
enormous resistance to flow through the cannula; sec- 
ond, expiration must take place though the patient’s 
upper airway. It is appropriate to use specifically de- 
signed devices (e.g. Ravussin cannula; Fig. 22.16A) 
which sit against the neck correctly (Fig. 22.16B) and 
are less likely to kink. Similarly, a specifically designed 
ventilating device (e.g. Manujet injector; Fig. 22.17) is 
strongly recommended. Use of intravenous cannulae 
(which cannot be fixed securely and tend to kink) and 
‘Heath-Robinson’ assemblies for ventilation are dif- 
ficult to justify in settings such as operating theatres 
where it can be predicted that such a technique will be 
required from time to time: avoiding the need for such 
ad hoc devices is part of institutional and personal 
preparedness. 


FIGURE 22.16 


(A) The Ravussin cricothyroid cannula. (B) The Ravussin cannula fixed to the skin after insertion. 
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FIGURE 22.17 ™ The Manujet injector kit. 


Wide-Bore Cannula (>4mm). Wide-bore cannulae 
may be cannula-over-needle devices (e.g. QuickTrach) 
or those requiring a Seldinger insertion technique 
(e.g. Melker cricothyroidotomy devices; Fig. 22.18). 


FIGURE 22.18 
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Cannula-over-needle devices require a large sharp nee- 
dle which risks significant tissue trauma if misplaced 
and such devices may be too short to reach the trachea 
in patients with an obese neck. Seldinger-type devices 
take somewhat longer to insert but the technique is fa- 
miliar (and generally favoured) by anaesthetists. 

The Melker 5.0 mm internal diameter cuffed crico- 
thyroidotomy device is a Seldinger-type device which 
is generally inserted with ease, using a technique simi- 
lar to a percutaneous tracheostomy. One option for 
rescuing the airway is to insert a Ravussin cannula and 
to ventilate the lungs with a Manujet to re-oxygenate, 
and then change this to a large bore cannula insert- 
ing the Seldinger wire from the Melker kit through the 
Ravussin cannula as the first step. 


Surgical Airway. A surgical airway technique com- 
prises four steps. 


1. The cricothyroid membrane is identified. 


< 


d 


The Melker cricothyroidotomy device. (A) The introducer and cannula are advanced over a Seldinger wire 
placed in the trachea (not shown). (B) The cannula is advanced over the introducer. (C) The introducer is withdrawn and 
ventilation is started after inflating the cuff. 


2. An incision is made in the neck over the crico- 
thyroid membrane (a round-ended No. 20 blade 
is recommended) extending deep into the mem- 
brane and the scalpel is kept in place. 

3. A ‘cricoid hook is inserted and the cricoid carti- 
lage pulled forward. 

4. A 6.0mm internal diameter tracheal tube (or 
tracheostomy tube) is inserted. 


Numerous variations are described and include 
the use of tracheostomy dilators instead of the cricoid 
hook or insertion of a bougie into the trachea instead 
of a tube. The important feature is to ensure that, once 
the trachea has been entered, something stays in it, 
keeping the tracheostomy tract open at all times. 

Various simulation studies suggest that a surgical 
technique can be performed as rapidly as a Seldinger 
cannula technique, although these are typically per- 
formed in bloodless fields. However, studies from 
America, where the technique is probably used most 
commonly, suggest that the likelihood of saving a life 
with a surgical airway is considerably higher than mor- 
tality from the bleeding complications of an attempt. 

In a recent study of major complications of airway 
management, more than 60% of cannula cricothyroid- 
otomies inserted by anaesthetists to rescue the airway 
in an emergency failed. The causes were numerous and 
included use of inappropriate equipment, misuse of 
appropriate devices, device failure, poor technique and 
inappropriate ventilation via a correctly placed nar- 
row-bore device. The chances of success are increased 
greatly if the correct equipment is used skilfully and 
correctly. This requires training. Training in such tech- 
niques fades after approximately three months and re- 
quires regular updating. Training should include both 
cannula and surgical techniques. 


Ventilation and Expiration Via Cricothyroidotomy 
Devices 


Narrow-Bore Cannula. When ventilating through a 
narrow-bore cannula, a high pressure source is needed 
to overcome the resistance of the cannula. However, 
the pressure changes in the trachea during this type 
of ventilation are similar to those during conventional 
ventilation. The technique should not be confused with 
Jet ventilation or ‘oscillation’; what is achieved is ‘high 
pressure source conventional ventilation. Appropriate 
sources of the high pressure for such ventilation are 
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either wall oxygen or an oxygen cylinder, both approx- 
imately 400kPa (4bar, 4000 cmH,O, 58 psi). If wall 
oxygen is used, the flow rate should be set at greater 
than 15Lmin™'. When using an anaesthetic machine, 
pressure regulators and ‘blow-off’ valves reduce the 
pressure available; an attached anaesthetic breathing 
system with a conventional anaesthetic reservoir bag 
limits pressure to 6kPa (60 cmH,O), which is totally 
inadequate for ventilating through a narrow can- 
nula. If the anaesthetic flush is deployed continuously, 
a pressure of 30-60kPa (300-600 cmH,O) can be 
achieved and this may be just sufficient to ventilate the 
lungs. Maximum flow rates from an anaesthetic ma- 
chine are 15 Lmin" via a flowmeter and 30-60 Lmin™ 
when the oxygen flush button is depressed. An anaes- 
thetic machine cannot provide a reliably high pressure 
source unless a connection is made to a high pressure 
source outlet at the back of the machine, usually a 
‘mini-Schrader’ connector which can then be used to 
drive an injector or similar device (Fig. 22.19). An oxy- 
gen ‘injector’ such as a Sanders or Manujet injector can 
deliver a high pressure source ranging from 0.5—4 bar 
(500-4000 kPa) at a flow rate of up to 1000 mLs™. 
Wall oxygen or the use of an injector may inflate the 
chest by 500 mL within 0.5s. Using a Manujet, a driv- 
ing pressure of 1 bar may be adequate to ventilate most 
slim patients, and reduces the risk of barotrauma. 
Neuromuscular blockade, and inserting a SAD to max- 
imize the expiratory route, also increase the success of 
the technique. 

However, when ventilating the lungs using a cri- 
cothyroid cannula in the presence of complete upper 


FIGURE 22.19 


A mini-Schrader oxygen connector on the 
back of an anaesthetic machine. 
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airway obstruction, the critical aspect is not lung in- 
flation (inspiration) but lung deflation (exhalation). 
This is critical both to generating adequate minute 
ventilation and preventing complications. Exhalation 
of 500 mL via a 14-gauge cannula takes at least 30s and 
therefore is of no practical use. There is a myth that 
a second cannula should be inserted into the airway 
to enable exhalation; to enable exhalation in 4s would 
require 32-64 cannulae! Delivering further breaths 
through a misplaced cannula or without allowing full 
expiration leads inevitably to barotrauma, which can 
rapidly be life-threatening. However, even in CICV, 
exhalation through the upper airway is usually effec- 
tive. During ventilation via the patient’s normal air- 
way, the upper airway is drawn inwards in inspiration 
and tends to collapse. In expiration, positive intralu- 
minal pressure tends to expand and open the upper 
airway. As a result, inspiratory airway obstruction is 
more common than expiratory. Even in CICV situa- 
tions, the airway is sufficiently patent during expira- 
tion to allow exhalation in up to 90% of patients. As 
a ‘rule of thumb’ during high pressure source ventila- 
tion via a small cannula, the operator should ensure 
that the chest falls completely before the next inspira- 
tion. A hand placed on the chest during ventilation can 
confirm that the chest is rising and falling, and detect 
early surgical emphysema if it develops. If exhalation 
is slow because of upper airway obstruction, the fre- 
quency of ventilation must be decreased appropri- 
ately. Ventilation can continue safely, albeit at a slower 
rate and with a reduced minute volume. Manually 
compressing the chest during expiration to augment 
exhalation may be of benefit. If expiration cannot be 
achieved, the gas flow should be reduced to basal flow 
(0.25-0.5Lmin™') in an attempt to provide apnoeic 
oxygenation, without ventilation. 

A device (Ventrain) has recently been developed 
which uses a driving gas that bypasses a cricothyroid/ 
tracheal cannula during the expiratory phase and en- 
trains gas from the cannula to achieve ‘assisted exhala- 
tiom using the Venturi effect. It is not yet in widespread 
use but may solve some of the problems and confusion 
surrounding this mode of ventilation. 


Wide-Bore Cannula and Surgical Techniques. Wide- 
bore cannulae are defined as those with an internal di- 
ameter of at least 4mm because this is the minimum 


calibre through which an adult can exhale with ad- 
equate speed to maintain a normal minute volume. 
This applies whether inspiration is mechanical or 
spontaneous, because expiration is a passive process. 

After the device has been inserted, ventilation can 
be achieved with a low pressure gas source (e.g. a stan- 
dard anaesthetic machine). In contrast to narrow bore 
cannulae, large bore cannulae require that the upper 
airway is obstructed during inspiration to avoid the 
ventilating gas being vented via the upper airway. This 
may be achieved by actively obstructing the upper 
airway (e.g. a SAD is inserted and the proximal end 
obstructed) or, preferably, by the use of a cuffed can- 
nula. Spontaneous ventilation via a wide bore cannula 
is also possible. 

To summarize, this is a complex and often confused 
topic. There are three methods of achieving oxygen- 
ation and ventilation via a cricothyroidotomy. 


m Small cannula (approx. 2mm) techniques (usu- 
ally inserted as cannula over needle) require a 
high pressure gas source to overcome device re- 
sistance and rely on a patent upper airway for ex- 
halation. Entrainment may augment inspiratory 
flow. 

= Large cannula (>4mm) techniques enable ven- 
tilation with lower pressures but require either 
a tracheal cuff, or the upper airway to be ob- 
structed, to prevent loss of driving gas through 
the upper airway. Entrainment is minimal or 
non-existent. 

m Surgical airway techniques allow insertion of a 
large tube into the trachea and conventional (low 
pressure) ventilation, as for large cannulae. 


MANAGEMENT OF THE PREDICTED 
DIFFICULT AIRWAY 


The main difference between management of the un- 
anticipated and the predicted difficult airway is that the 
latter enables the anaesthetic team to plan and prepare 
more thoroughly and to fit a strategy to the specific 
needs of the patient rather than following a guideline 
designed to ‘fit all situations’. Due to the limitations of 
airway assessment, many patients with a ‘predicted dif- 
ficult airway will not prove to be difficult, but this is 
not a reason to ignore preoperative findings or history 


of difficulty. Many airway disasters are preceded by 
anaesthetists ignoring the history or signs of difficulty 
and then getting into avoidable trouble. 

When airway management is predicted to be dif- 
ficult, the strategy can be based around achieving: 


m the right place 

m the right time 

m the right plan (strategy) 
m the right person. 


Ensuring the right place may require that the patient 
is transferred to a location where appropriate moni- 
toring, equipment and skills are available to manage 
the airway safely. However, transfer of a patient with 
a critical airway is fraught with danger and an assess- 
ment of specific risks should be made, including a plan 
for management of deterioration during transfer. In 
the operating theatre setting, patients in whom airway 
difficulty is anticipated should usually be managed in 
the operating theatre rather than the anaesthetic room 
for reasons of space, visibility, monitoring, communi- 
cation and teamwork. 

The right time implies patients with anticipated dif- 
ficulty should be managed at the time that is safest for 
the patient. Urgent and emergency patients must be 
managed with appropriate promptness but elective pro- 
cedures should be managed with enough time for assess- 
ment, collecting all necessary information (e.g. retrieving 
notes and scans as necessary) and gathering the equip- 
ment and personnel needed for optimal management. 

The right plan has been discussed earlier in the 
chapter in the section describing strategy. In patients 
with a predicted difficult airway, careful assessment 
is vital to determine which specific routes of access 
and techniques are likely to be problematic or suc- 
cessful, so that a logical individualized strategy can be 
constructed. 

The right person may not be the anaesthetist to 
whom the patient presents. The right person may 
also not be one individual but a number of individu- 
als with the skills to carry out specialized parts of the 
airway strategy. If possible, the right personnel should 
be present from the start of airway management. Most 
airway difficulties provide ample opportunity for 
teaching and these opportunities should be seized. 

Although the detail may differ, the principles of man- 
aging the patient with predicted airway difficulty are no 
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different to managing unanticipated problems (e.g. strat- 
egy, oxygenation, rescue techniques, good teamwork). 


MANAGEMENT OF THE 
OBSTRUCTED AIRWAY 


The management of the obstructed airway represents a 
very dangerous, although rare, situation. Obstruction 
may occur from the pharynx to any point distally and 
may be due to many causes including infection or 
trauma, but the most common cause is malignancy. 
The patient may present late or occasionally be re- 
ferred incorrectly to the ICU team with a diagnosis of 
worsening asthma/COPD, having failed to respond to 
treatment and perhaps in extremis. To manage these 
patients safely and achieve a successful outcome re- 
quires careful preparation, planning and good com- 
munication between anaesthetists, ENT specialists, the 
operating theatre team and, in some situations, cardio- 
thoracic surgeons. 

Optimal management of the obstructed airway is 
controversial but it is generally the case that airway ob- 
struction becomes worse during anaesthesia because 
of supine positioning and loss of airway tone and 
reflexes. All approaches may lead to life-threatening 
complications (e.g. complete obstruction after induc- 
tion of anaesthesia, haemorrhage or swelling in the 
airway). Involvement of anaesthetists and surgeons 
with appropriate experience is essential and back-up 
plans should be established and communicated to all. 

Precise management depends on the level and cause 
of the obstruction, the urgency for intervention and 
several other factors. Assessment should determine the 
following factors. 


What is the level of the obstruction? 

What is the degree of obstruction? 

Is it fixed or variable? 

What is its cause (e.g. tumour, haematoma, 

infection)? 

m Is it friable or likely to bleed? 

m Has there been previous airway or neck surgery, 
or radiotherapy? All place the patient in a higher 
risk category. 

m Can the patients airway be improved? If time 

allows, nebulized adrenaline (epinephrine) or ste- 

roids may improve the airway for short periods 
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of time. Heliox (a mixture of helium and oxygen) 
may be beneficial before anaesthesia in critical 
cases. Radiotherapy may improve the airway, al- 
though often this is impractical. 

= Is there any important co-morbidity? 

m What is the surgical plan and preferred route for 
anaesthetic access? These patients illustrate the 
complexity of a ‘shared airway and there is no 
point in planning an anaesthetic approach which 
is not compatible with an agreed surgical plan. 

m What is the urgency of the intervention? It is im- 
portant to differentiate patients in whom anaes- 
thesia is planned to achieve surgery to improve the 
airway from those in whom anaesthesia is neces- 
sary to secure the airway in order to preserve life. 


Important features of the history and clinical exami- 
nation are noisy breathing and waking up in the middle 
of the night fighting for breath (having a panic attack), 
or having to sleep in an upright position. These features 
enable the anaesthetist to determine the patient’s ‘best 
breathing position’ to be used during induction of an- 
aesthesia. If a patient cannot tolerate lying flat when 
awake, that position is likely to be dangerous after in- 
duction of anaesthesia. Stridor (inspiratory noise) is a 
concerning sign as it represents significant upper air- 
way narrowing; however, it is not always present and 
patients with chronic obstruction may can present with 
a very narrow airway and no stridor. Expiratory noise 
(wheeze) may indicate a lower level of obstruction. 

Other than in the most urgent cases or if the pa- 
tient’s condition makes it impossible, full investigation 
is warranted. This usually involves CT or MRI, nas- 
endoscopy and lung function tests. Imaging is vital to 
planning both the surgical and anaesthetic approaches 
and should be viewed together. Imaging is performed 
supine and is a static image; it does not necessarily re- 
flect the airway in the sitting position or the dynamic 
nature of the obstruction. It is also important to note 
the date of any imaging; lesions may progress rapidly. 

Nasendoscopy is underused by anaesthetists and, 
although discussion of the surgical findings may be 
useful, it is often sensible for the anaesthetist to per- 
form awake nasendoscopy, even when a fibreoptic 
approach is not planned. Lung function tests includ- 
ing flow volume loops may help in assessing the ex- 
tent of physiological compromise and the level of the 


obstruction. If these tests are not possible, a ‘walk test’ 
may be of value because it enables the accompanying 
anaesthetist to assess exercise tolerance and respiratory 
pattern, and may elicit signs such as noisy breathing 
which add information not acquired at the bedside. 

Patients with an obstructed airway can be consid- 
ered according to the level of obstruction. 


Upper Airway Obstruction 


In patients with upper airway obstruction, the cause is 
usually malignancy, trauma or infection affecting the 
larynx and other supraglottic structures such as the 
tonsils and tongue. Many approaches to the airway are 
possible. The management depends on whether or not 
it is judged that intubation from above the vocal cords 
is going to be possible. Usually an informed decision 
can be made after nasendoscopy and imaging. 

If it is clear before surgery that intubation will not 
be possible due to excessive tumour reducing the la- 
ryngeal opening, no recognizable structures visible at 
nasendoscopy or any other reason that might make 
direct laryngoscopy difficult, the safest approach is 
to perform a tracheostomy under local anaesthesia. 
Lesions of the base of the tongue and floor of the 
mouth often interfere with laryngoscopy, particularly 
if there has been previous surgery or radiotherapy. 
Where there is doubt, awake fibreoptic intubation is a 
safe method for trying to secure the airway. Laryngeal 
lesions may interfere with all forms of tracheal intu- 
bation. Awake fibreoptic intubation may be an option 
but surgical technique may require unrestricted access 
to the larynx. Supraglottic (from above), transglot- 
tic (via a narrow 2-3 mm catheter placed through the 
cords) or transtracheal (via a catheter placed in the 
trachea) ventilation may all be options or necessities 
and each requires attention and good communication 
between the anaesthetist and surgeon. 

Inevitably, some patients require general anaes- 
thesia for airway management. The choices between 
intravenous and inhalational induction, and between 
spontaneous and controlled ventilation, are contro- 
versial. Whichever method is chosen, a clear plan for 
airway management and back-up is needed, with all 
relevant equipment and personnel present. Airway 
interventions should not be performed before the pa- 
tient is adequately anaesthetized. A senior ENT sur- 
geon should be in the operating theatre and prepared 
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to carry out immediate surgical cricothyroidotomy or 
tracheostomy if the airway is lost. If intubation proves 
impossible but the airway is patent and the patient is 
stable, the patient may be woken or a tracheostomy 
undertaken, depending on the patient’s needs. 


Mid-Tracheal Obstruction 


This presents an entirely different problem and is often 
caused by a retrosternal thyroid mass, although malig- 
nancies and infections may be the cause (Fig J: 
In the presence of a thyroid mass, the onset of airway 
compromise is usually slow and further radiological 
assessment is possible. A CT scan is vital to show the 
level and extent of the obstruction. Lesions below the 
larynx do not interfere with laryngoscopy (although 
the larynx and trachea may be displaced; Fi ) or 
the ability to use a face mask or SAD but they may in- 
terfere with ventilation after induction of anaesthesia 
and the ability to insert a tracheal tube. 

There are several key issues which must be clarified 
before anaesthesia. 


= How wide is the tracheal lumen and what size of 
tracheal tube may be used? 

m Is there space below the obstruction and above 
the carina to accommodate the end of the tra- 
cheal tube and the cuff? 


FIGURE 22.20 


m Is the tracheal wall itself invaded? If so, there is a 
risk of collapse after any external mass has been 
removed. 

= Would an emergency tracheostomy be possible 
and would a standard tracheostomy tube be long 
enough to bypass the obstruction? 


If laryngoscopy is predicted to be straightforward, 
if there is no tracheal invasion and if there is a clear 
distance below the obstruction and above the carina, 
a standard anaesthetic induction technique followed 
by administration of a muscle relaxant can be consid- 
ered. Otherwise, the safest way of securing the airway 
is likely to be awake fibreoptic intubation, although 
the problem of obstructing the airway while the ob- 
struction is passed (‘cork in a bottle’) remains and may 
be distressing to the patient. Airway stimulation and 
coughing may lead to complete obstruction; an expe- 
rienced operator is essential. Plan B in the situation in 
which a rapid tracheostomy would not be possible is 
the use of a rigid bronchoscope by a skilled operator. 


Lower Tracheal or Bronchial Obstruction 


This is a very difficult clinical problem and life- 
threatening complications may occur. The cause is 
usually a malignant mediastinal mass and obstruc- 
tion of the superior vena cava often co-exists. Sudden 


Sagittal (A) and axial (B) images of a thyroid mass partly obstructing the mid-trachea. 
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FIGURE 22.21 


Axial image of a large thyroid mass which 
has displaced but not compressed the trachea. 


and total obstruction to ventilation can occur at any 
time, particularly if the patient becomes apnoeic or a 
muscle relaxant is used. Subatmospheric intrapleural 
pressure during inspiration may contribute to holding 
the airways open; if lost, the pressure from any mass 
external to the airway can cause airway collapse and 
complete obstruction. A tissue diagnosis should be 
obtained under local anaesthesia if possible and an 
emergency course of chemo/radiotherapy should be 
considered; stenting or laser resection may be surgical 
options. Management is complex and, if possible, the 
patient should be transferred to a cardiothoracic cen- 
tre where rapid induction of anaesthesia and skilled 
rigid bronchoscopy may be the technique of choice. 
Extracorporeal oxygenation may be required. 


SPECIFIC TECHNIQUES 


Supraglottic Airway Devices for Airway 
Rescue 


SADs are an important group of devices for airway 
rescue, in particular for failed mask ventilation or for 
CICV. Neuromuscular blockade is not required for in- 
sertion (unlike tracheal intubation) and success rates 


are high. Success rates for airway rescue are reported to 
be as high as 95% for the classic laryngeal mask airway. 
Whether rates are as high for PVC and other single-use 
laryngeal masks is not known. 

Despite this high rate of success, there is a strong ar- 
gument for selecting an alternative SAD as first choice. 
Patients who require airway rescue are often obese, 
male, scheduled to undergo emergency surgery and 
likely to have received a neuromuscular blocker either 
before or during the airway emergency. Many are at a 
significantly increased risk of regurgitation and aspi- 
ration of gastric fluid because of obesity, urgency of 
surgery and possible gastric inflation during attempts 
to ventilate by face mask. These are not the type of 
patients whom most anaesthetists would choose to 
manage with a standard laryngeal mask. In this cir- 
cumstance, the requirements for a SAD to rescue the 
airway are: 


m speedy and reliable insertion 

m reliable ventilation (even if lung compliance is 
low) 

m early detection of regurgitation and increased 
protection against aspiration 

m ability to empty the stomach 

m suitable as a conduit for subsequent fibreoptic 
guided tracheal intubation. 


There is therefore a good argument for choosing a 
second generation SAD for airway rescue. Suitable de- 
vices include the ProSeal LMA (probably inserted over 
a bougie to increase success), i-gel. The Supreme LMA 
and Laryngeal Tube Suction II enable airway rescue 
but are less suited as conduits to intubation. 


SADs as Conduits for Intubation 


This has been discussed above. 


‘Videolaryngoscopes’, Rigid Indirect Laryngoscopes, 
Optical Stilettes and Advanced Intubation Aids: 
(see also Chapter 15) 


Numerous devices aimed at improving management 
of difficult direct laryngoscopy have been developed 
and marketed in the last decade. The main principle 
behind these devices is an intent to convert intuba- 
tion that would previously have been blind (e.g. blind 
nasal, bougie-guided, light-wand guided) into a vi- 
sualized technique. The devices can be described as 


videolaryngoscopes, rigid fibrescopes or indirect la- 
ryngoscopes, although none of these descriptions in- 
cludes all devices. They can be divided into three major 
groups: 


m bladed indirect laryngoscopes 
m conduited intubation guides 
m optical stilettes. 


Bladed indirect laryngoscopes form the larg- 
est group. Older versions include the Bullard and 
Upsherscope and newer devices include the Glidescope, 
McGrath 5 and C-MAC. These devices move the view- 
ing point beyond the curve of the laryngoscope blade, 
making it possible, effectively, to ‘see round corners’. 
A much wider angle of view is achieved because the 
viewing point is distal. 

Conduited intubation guides include several 
rigid fibreoptic laryngoscopes (Pentax AWscope, AP 
Advance laryngoscope) and the Airtraq (Fig. 22.22), 
which uses optical prisms rather than fibreoptics to il- 
luminate the object and transmit an image. 

Optical stilettes are metal rods with an internal 
fibreoptic or video system which enables the user to 
view the image from the distal end directly from the 
viewing port or on a remote screen. Most stilettes are 
rigid with a fixed angle (e.g. Bonfils, Levitan). The 
Shikani stilette (Fig. 22.23) is semi-malleable and the 
Sensascope has a flexible fibreoptic tip which allows 
some manipulation. Optical stilettes are placed within 
the lumen of the tracheal tube and then directed into 
the larynx before the tracheal tube is advanced into 
the airway. The main advantage of the stilettes is that 
they require minimal mouth opening (as little as 1 cm) 


FIGURE 22.22 © An Airtraq conduited rigid fibreoptic 
laryngoscope with a tracheal tube mounted in the conduit. 
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FIGURE 22.23 A Shikani stilette inside an ILMA tracheal 
tube in use on a manikin. 


and can be advanced with negligible tissue disruption. 
Their main disadvantage is the inability to manipulate 
and displace airway structures in the manner that a 
bladed instrument can. 

The potential advantages of these devices include: 


m ability to ‘see round corners’ 
m reduced head and neck movement to achieve a 
view of the larynx 
m reduced tissue distortion and haemodynamic re- 
sponses to laryngoscopy 
m ability to display the image on a remote screen, 
which permits: 
= improved supervision by trainers of intuba- 
tion performed by trainees 
a an assistant to observe what the intubator sees 
(e.g. guiding cricoid pressure) 
m recording for medical notes and medicolegal 
reasons 
m recording of an objective image or video for pre- 
sentation, teaching or research purposes. 


Despite their obvious appeal, the benefits of these 
devices are less well proven than might be expected. 
Most research undertaken has been on patients with 
a normal airway and some is of poor quality. As a 
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result, their efficacy in patients with a difficult airway 
is uncertain. The ability to move the viewing point 
distally in the airway is an obvious advantage but the 
fact the tracheal tube is not introduced under direct 
vision means that its insertion may be more difficult. 
The devices may improve the view of the larynx with- 
out making intubation easier and in easy intubations, 
these devices often prolong the time to intubation. To 
overcome this problem, many manufacturers advise 
the use of a rigid or semi-rigid stilette to pre-form the 
shape of the tracheal tube before insertion. There is 
a risk of damage to other tissues in the airway as the 
tracheal tube/stilette assembly is introduced (blindly). 
Conduited devices and stilettes have a potential advan- 
tage over bladed indirect laryngoscopes because the 
device guides the tracheal tube directly to the area be- 
ing viewed through the device and there is no need for 
blind introduction of a tracheal tube/stilette assembly. 
There is no consensus on which device or group of de- 
vices performs best. 

There is increasing evidence, for some of these de- 
vices, that videolaryngoscopy does offer a useful al- 
ternative to direct laryngoscopy in patients known, or 
found unexpectedly, to be difficult to intubate. In addi- 
tion, they can be used awake after topical administra- 
tion of local anaesthetic to the airway because less tissue 
distortion is needed in comparison to a conventional 
laryngoscope. It is likely that their use will become 
much more prevalent. All the devices are expensive and 
have a learning curve. If such a device is to be used, it is 
logical to acquire skills in the use of one device; if skills 
in the use of more than one device are needed, it is logi- 
cal to select one device from each of the three groups. 


EXTUBATION AND RECOVERY 


Airway problems at extubation and in the recovery 
room account for approximately one-third of major 
airway complications of anaesthesia. Most involve air- 
way obstruction, some with secondary aspiration of 
fluid into the lungs. At the time of extubation, there 
is a change from a controlled situation, with airway 
protection, suppressed airway reflexes and the abil- 
ity to deliver 100% oxygen, to one of absent airway 
protection, partial recovery of airway reflexes and 
an ability to reliably deliver only much lower oxygen 
concentrations. In this respect, it contrasts markedly 


with intubation. Airway obstruction which occurs 
during emergence and recovery needs to be rapidly 
recognized and resolved to prevent hypoxaemia and 
post-obstructive pulmonary oedema (POPO), which 
considerably worsen the situation. 

Factors which increase the risk of problems at the 
time of extubation/emergence and recovery include: 


m patients who had problems at intubation or 
induction 

m blood in the airway from surgical or anaesthetic 
causes 

m patients who may have airway oedema from an- 
aesthetic or surgical interventions 

m obese patients, particularly those with obstruc- 
tive sleep apnoea 

m intraoral or airway surgery (risks both oedema 
and aspiration of blood). 


Management of at-risk extubation requires recog- 
nition of the potential problem, planning, preparation, 
preoxygenation and, sometimes, special procedures. 
Communication with the operating theatre team is 
important because there is a natural tendency for the 
surgical and nursing team members to relax and at- 
tend to other tasks at the end of surgery. 

Planning involves creating a strategy for extubation 
(plan A and back-up plans), communicating this to as- 
sistants and colleagues and ensuring that the right equip- 
ment is immediately available and that personnel with 
the necessary skills are present. This may require the dif- 
ficult airway trolley, summoning senior anaesthetic as- 
sistance or requiring the surgeon to remain in the event 
that an emergency surgical airway is required. Planning 
also includes making a clear decision as to whether the 
airway will be removed with the patient ‘deep’ or awake. 

Pre-oxygenation is part of preparation but is sepa- 
rated for emphasis: it is the single most important pre- 
paratory step before extubation. 

Preparation involves optimizing the patient for ex- 
tubation. This includes (but is not limited to) ensur- 
ing full reversal of neuromuscular blockade, adequate 
offset of anaesthetic and opioid medication (choice 
of appropriate drugs at an early stage in the anaes- 
thetic makes this easier), pharyngeal and bronchial 
suction as necessary and emptying the stomach if 
there is a risk of aspiration. Dexamethasone may be 


administered to minimize airway swelling although 
its effect is delayed and its administration does not 
influence the immediate consequences of extuba- 
tion. Direct inspection of the airway may be neces- 
sary to assess oedema and is specifically indicated 
when there has been blood in the airway to ensure 
that there is no risk of aspiration of blood after ex- 
tubation. A leak-test may be performed, in which the 
tracheal tube cuff is deflated and positive pressure 
applied while listening for an audible leak around the 
trachea. The test assesses only laryngeal swelling and 
is very dependent on the size of tracheal tube used 
and the pressure applied, so its efficacy in predicting 
safe extubation is limited. 

Special procedures are non-routine actions at ex- 
tubation performed to improve the safety of extuba- 
tion and to facilitate re-intubation if that is necessary. 
Examples include insertion of a cricothyroid needle or 
airway exchange catheter (AEC) prior to extubation, 
exchange of the tracheal tube for a SAD immediately 
before or after extubation, or extubation followed im- 
mediately by CPAP. If an AEC is left in place it should 
be placed in strict accordance with manufacturer’s 
instructions and the tip should not lie beyond the 
mid-trachea (i.e. no more than 26cm from the lips in 
adults). Administration of oxygen through the AEC 
risks significant barotrauma if the catheter migrates 
distally and is unnecessary other than in exceptional 
circumstances. If it is considered that there is very high 
risk at extubation, an elective tracheostomy may be ap- 
propriate. Alternatively, extubation may be delayed and 
the patient transferred to ICU. In these circumstances, 
extubation on ICU will probably need the same pro- 
cesses of planning through to special procedures and it 
may be appropriate to return to the operating theatre 
specifically for safe extubation. 

Problems occurring in the recovery room are par- 
ticularly dangerous because the care of the patient’s 
airway is delegated to a nurse and there may be limited 
access to equipment, personnel with advanced airway 
skills and capnography. The anaesthetist usually re- 
turns to the operating theatre and is involved in an- 
aesthetizing the next patient within a few minutes. If 
the airway is at risk after surgery, the anaesthetist must 
either recover the patient in the operating theatre or 
remain with the patient until the airway is safe. A di- 
agnosis of hypoventilation and airway obstruction in 
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recovery may be masked by administration of oxygen 
because oxygen desaturation may not occur until the 
situation is advanced. Recovery staff should be skilled 
in the recognition of signs of airway obstruction and 
its early management. Capnography should be avail- 
able and can be used with a SAD or face mask in place: 
its use is increasingly recommended during recovery. 
Where it is used the recovery room staff need to be 
trained in its interpretation. 

Aspiration of blood and blood clots is a specific risk 
after intraoral surgery (e.g. maxillofacial, tonsillectomy, 
adenoidectomy). Good surgical technique and good 
surgical and anaesthetic communication are important 
in preventing problems. At the end of surgery, the sur- 
geon and the anaesthetist together must ensure there is 
no blood, blood clots (including in the post nasal space) 
or bleeding before airway removal. If a throat pack has 
been used, recommended methods of communicating 
its presence and ensuring its removal are important. 
Positioning for extubation and transfer are important; 
extubation and transfer with the patient in the lateral 
position is recommended until consciousness and air- 
way reflexes have returned. Aspiration of blood or blood 
clot can cause laryngospasm or tracheal obstruction. If 
tracheal obstruction occurs, the diagnosis may be missed 
unless it is actively considered; the clinical picture of hy- 
poxaemia, inability to ventilate and high airway pressures 
may be mistaken for asthma, anaphylaxis or even oesoph- 
ageal intubation. A flat capnograph trace in an intubated 
patient (even during CPR) indicates absence of ventila- 
tion; the tracheal tube or trachea may be obstructed or 
the tube is not in the trachea. Management may require 
bronchial suction, reintubation or rigid bronchoscopy. 

Deaths still occur from aspiration of blood in the 
recovery period and all anaesthetists must be aware of 
the clinical signs and management. 


Guidelines on Management of Extubation 


There has been a steady increase in interest in the topic 
of extubation. In 2012, DAS published the first national 
guidance on extubation of adult patients (Fig. 22.24). 
This guidance divides extubation into four phases: plan, 
prepare, perform and post-extubation care. It recom- 
mends that an early assessment is made to determine 
whether extubation is low (fasted, uncomplicated airway, 
no other risk factors) or high risk (others). After taking 
the precautions described above, low risk extubation can 
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Step 1 
Plan extubation 


Plan 


Assess airway and general risk factors 


‘At risk’ extubation 
Ability to oxygenate uncertain 
Reintubation potentially difficult 


and/or general risk factors present 


Step 2 Prepare Optimize patient factors | Optimize other factors 
Prepare for Optimize patient and other factors Cardiovascular Location 
extubation Respiratory Skilled help/assistance 
| Metabolic/temperature Monitoring 
Key question: Neuromuscular Equipment 
Is it safe to remove the tube? 
Step 3 Yes No | 
Perform 
Advanced techniques* 
Awake 1. Laryngeal mask exchange Postpone 
š ; Tracheostom 
extubation || 2. Remifentanil technique extubation v 
3. Airway exchange catheter 
Step 4 Recovery/HDU/ICU 
Post-extubation 
care 
Safe transfer Analgesia 
Handover/communication Staffing 
O% and airway management Equipment 
Observation and monitoring Documentation 
*Advanced techniques require training and experience General medical and surgical management 


FIGURE 22.24 


Algorithm for management of the high risk extubation. (Adapted from Popat M, Mitchell V, Dravid R, Patel A, 


Swampillai C, Higgs A. Difficult Airway Society Guidelines for the management of tracheal extubation. Anaesthesia 2012; 67:318—340, with 
permission from the Association of Anaesthetists of Great Britain & Ireland/Blackwell Publishing Ltd.) 


usually be managed awake or ‘deep’ according to the an- 
aesthetist’s preference and judgement, though making 
clear that the default method is awake. For patients re- 
quiring high risk extubation a number of options are of- 
fered: awake extubation, advanced techniques, delayed 
extubation and tracheostomy. Advanced techniques are 
conversion to a laryngeal mask with the tracheal tube 
in situ before extubation, a ‘remifentanil extubation’ or 
use of an AEC. Deep extubation in the high risk set- 
ting is not advocated. All the advanced techniques are 
described in detail but require expertise and practice 
before use in an acute situation. 


THE DIFFICULT AIRWAY IN OTHER 
LOCATIONS 


A difficult airway is encountered most commonly in 
the operating theatre suite around the time of surgery, 
but most deaths from airway management difficulty 
occur elsewhere. At least a quarter of major airway 
events occur outside theatres, with ICU and the emer- 
gency department being particularly important areas. 
When such events occur in these sites, the risk of in- 
jury is increased compared to the risk in the operating 
theatre environment. 
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The reasons for this are complicated. Patients on 
ICU are critically ill, with markedly reduced physi- 
ological reserve. Approximately 8% have a difficult 
airway. Most have pre-existing respiratory compromise 
and increased intrapulmonary shunt and therefore tol- 
erate airway obstruction or apnoea very poorly. Initial 
tracheal intubation is often performed as an extreme 
emergency and allowing the patient to wake if difficulty 
occurs is often not an option. While intubation in the 
ICU is accepted to be very high risk, a large proportion 
of critical airway events in this setting occur at a time 
well after intubation. Dislodgement of tracheal tubes 
and particularly tracheostomies, followed by airway 
difficulty, especially in the obese, is a notable cause of 
morbidity and mortality. The airway is often oedema- 
tous for a considerable period after prolonged intuba- 
tion and re-intubation may be more difficult. 

In the emergency department, patients often have 
reduced physiological reserves as a result of the patho- 
physiological problem that led to admission. Trauma 
is a specific condition in the emergency department 
which often increases the difficulty of airway manage- 
ment. The combination of an at-risk cervical spine 
requiring immobilization of the neck, blood in the 
airway and multiple trauma with pulmonary injury 
and hypovolaemia is a major challenge. 

There are also extrinsic factors which may lead to 
an increased likelihood of difficulty and to poor man- 
agement of the difficult airway outside the operating 
theatre suite. 


= Hazardous environment: an environment not 
designed for airway management and where this 
is sometimes not considered a main priority. 

m Failure to recognize and plan for patients with a 
known or predictably difficult airway. 

= A more limited range of equipment for manage- 
ment of the difficult airway than in theatres. 

m Less skilled intubators if not from an anaesthetic 
background. 

m Lack of experienced and skilled assistance. 

m Absence of guidelines for management of rou- 
tine airway problems (tracheostomy or tracheal 
tube displacement or failed RSI). 

m Lack of routine use of capnography. 


While some of these factors are unavoidable many 
are not. All staff who manage the airway in ICU, the 
emergency department and in remote hospital locations 


should recognize that both patient factors and extrinsic 
factors interact to increase the likelihood of difficult air- 
way management. Preparation for such difficulty is vital. 
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The unexpected difficult airway in paediatric practice is 
rare in comparison with the adult population. Many dif- 
ficulties are relatively easy to predict prior to induction 
and are associated classically with craniofacial problems 
such as those which occur in Pierre Robin, Treacher 
Collins and Goldenhar syndromes. Other types of cra- 
niofacial abnormality may also lead to difficult airway 
management. Congenital subglottic stenosis or tracheal 
abnormalities such as webs or haemangiomas are en- 
countered occasionally. In most of these children, the 
small calibre of the airway and limited oxygen reserves 
mean that most airway difficulty occurs while the child 
is an infant. In contrast, the airway of a child with mu- 
copolysaccharide storage diseases (Hunter and Hurler 
syndromes) becomes increasingly difficult to manage as 
the child grows and the soft tissues become infiltrated, 
leading to a risk of airway obstruction and difficulty in 
manipulation of the tissues. Other airway challenges in 
children may arise in the acute situations encountered 
with trauma, infections (e.g. epiglottitis, croup) or 
burns involving the airway. However, unexpected diffi- 
culties can also occur during routine surgery. 

These were published in 2013 and are available on 
http://www.das.uk.com/content/paediatric-difficult- 
airway-guidelines and _http://www.apagbi.org.uk/ 
publications/apa-guidelines. The basic principles of 
difficult airway management described above apply 
equally in children but the airway management op- 
tions are more limited. 


m Awake techniques are generally impractical be- 
cause of issues of co-operation. 

= Anatomical differences mean that some tech- 
niques (e.g. cricothyroidotomy) are less suitable 
in children and infants. 

= Newly developed equipment is often available 
only in adult sizes in the first instance. It can be 
many years before paediatric versions become 
available (e.g. videolaryngoscopes, second gen- 
eration SADs) and some are not available at all 
(e.g. ILMA tracheal tubes, Aintree Intubation 
Catheter, several videolaryngoscopes). 
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Recent developments have increased the options 
for difficult airway management in children. These 
include second generation SADs, videolaryngoscopes 
and cuffed tracheal tubes that are appropriate for chil- 
dren. The focus of care for children and infants with 
airway difficulty is, as in adults, to take all steps to 
ensure adequate oxygenation (rather than becoming 
fixated on tracheal intubation) and all anaesthetists 
involved in the care of children must have a strategy 
which includes a plan and back-up plans. They should 
be familiar with the equipment which may be required 
and have practised using it. If a difficult airway is pre- 
dicted, it is good practice to have a minimum of two 
experienced anaesthetists with appropriate paediatric 
experience present in the operating theatre. 

The techniques used in adults are entirely appro- 
priate for the older child (above 30kg), using smaller 
equipment. The intubating LMA has a size 3 version 
and a number of SADs are available in small sizes; 
classic LMA, ProSeal LMA, Supreme LMA and i-gel 
now all have size ranges that include size 1.5 (suitable 
for infants 5—10kg) and some even size 1 (for <5kg). 
These devices have been shown to be effective in elec- 
tive paediatric patients but are unproven for difficult 
airway management and are generally less easy to use 
and perhaps less reliable in comparison to those used 
in adult practice. 

Inhalational induction is used widely in paediatric 
practice and is particularly favoured for management 
of the difficult airway. Gastric distension is a special 
problem in children and infants and is more likely if 
there has been respiratory distress before anaesthesia 
and if positive pressure is applied to the airway. It is 
sensible to decompress the stomach when an adequate 
depth of anaesthesia has been achieved. Anaesthesia 
can be maintained using a tracheal tube inserted par- 
tially into the nasopharynx but SADs are increasingly 
used to maintain the airway and provide a conduit 
for fibreoptic techniques (even in small babies). The 
ProSeal LMA and i-gel probably have the best features 
for this role. Specialized paediatric bronchoscopes are 
available with an external diameter as small as 2.2 mm 
(accommodating a 2.5mm tracheal tube) but they are 
very fragile, have no facility for suction, can be harder 
to use than larger fibrescopes and are not available in 
most institutions. The absence of a suction channel is 
important because it prevents both clearance of the 


airway and delivery of local anaesthesia to suppress 
airway reflexes. Larger adult bronchoscopes with an 
external diameter of 3.5-4mm can still be used in 
children. For larger children, the fibrescope can be 
used in the standard manner to insert an appropri- 
ately sized tracheal tube. However, it may be difficult 
to remove the SAD safely because the tracheal tube is 
shorter than the length of the SAD; this is overcome 
by mounting two tracheal tubes (joined together) 
onto the fibrescope and removing the SAD over 
these before detaching the proximal tracheal tube. In 
smaller children, the fibrescope may be inserted into 
the trachea and a wire passed into the trachea via the 
working channel of the fibrescope. If the fibrescope 
is too large even to enter the trachea, it can be posi- 
tioned above the larynx and a wire deployed under 
direct vision. The wire can then be ‘stiffened’ using 
an airway exchange catheter (or stiff fine-bore naso- 
gastric tube) and then, when tracheal intubation has 
been confirmed using capnography, an appropriate 
tracheal tube can be railroaded into place. 

Alternative devices available to facilitate intubation 
in children include: 


bladed videolaryngoscopes (Glidescope) 
conduited videolaryngoscopes (Airtraq) 

optical stilettes (several adult versions may be 
used for children) 

light-wand. 


Management of the Child with an Inhaled 
Foreign Body 


Although this is not necessarily a difficult airway prob- 
lem, the need to maintain an airway compromised by 
an inhaled foreign body while sharing it with the sur- 
geon makes it a considerable challenge. The procedure 
may be semi-elective or occasionally a critical emer- 
gency with the child in extremis from airway obstruc- 
tion. Heliox may be beneficial before anaesthesia in 
critical situations. 

Discussion of surgical plans is always necessary. 
Traditional anaesthetic priorities are to establish a deep 
plane of anaesthesia while maintaining spontaneous 
ventilation and avoiding complications that may re- 
quire positive pressure ventilation. A calm inhalational 
induction is the usual technique and may be followed 
by surgical instrumentation of the pharynx and larynx 
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(high foreign bodies) or use of a rigid bronchoscope 
(lower airway foreign bodies). Topical anaesthesia 
to the airway (under deep anaesthesia) may be ben- 
eficial. Because the procedure may be prolonged, it is 


important to use a rigid bronchoscope which enables 
continuous delivery of oxygen and anaesthetic gases. 
More recently the necessity of absolute avoidance of 
controlled ventilation has been questioned. 


AIRWAY ALERT 
HOSPITAL NAME AND ADDRESS 


Tel 
Fax 


Name 


Date of birth 
Hospital number 


Home address 
Telephone 


GP address 
Tel 


To the patient: 


Please keep this letter safe and show it to your doctor if you are admitted to hospital. 
Please show this letter to the anaesthetic doctor if you need an operation. 
This letter explains the difficulties that were found during your recent anaesthetic and the information 


may be useful to doctors treating you in the future. 


To the GP: 
Please copy this letter with any future referral. 
READ CODE SP2y3 


Summary of Airway Management 


Date of operation: 
Type of operation: 


Reasons/comments 

Difficult mask ventilation? YES/NO 
Difficult SAD insertion? YES/NO 
Difficult direct laryngoscopy? | YES/NO 
Difficult videolaryngoscopy? | YES/NO 
Difficult tracheal intubation? | YES/NO 
Laryngoscopy grade 1/2a/2b/3a/3b/4 
Extubation 
Further investigation 
Equipment used: 
Other information: 
Is awake intubation necessary in the future? 
Follow-up care (tick when completed) 

Copies of letter YES/NO Spoken to patient 


YES/NO One copy to patient 
YES/NO One copy to GP 
YES/NO One copy in case notes 


YES/NO Anaesthetic chart complete 
YES/NO Information on front of case notes 
YES/NO Medic Alert or Difficult Airway 


YES/NO One copy in anaesthetic department Society referral (Specify) 


Name of anaesthetist: 
Grade: Consultant Date: 


If you require further information please contact the Anaesthetic Department. 
FIGURE 22.25 ® An example of an airway alert form (derived from one published by Dr D Ball for DAS). 
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Airway swelling may occur after removal of the for- 
eign body and infection may be present distally. Careful 
postoperative monitoring, dexamethasone, nebu- 
lized adrenaline and supplemental oxygen may all be 
needed. 


AFTER DIFFICULT AIRWAY 
MANAGEMENT 


Although there is often considerable focus on secur- 
ing a safe airway in patients with a predicted or known 
difficult airway, it is equally important to establish a 
strategy for immediate management at the end of the 
procedure, and in the longer term if there is a need for 
further anaesthesia. 


Immediate Management 


The management of extubation is discussed above. 


Long-Term Management 


When the patient has recovered fully and before dis- 
charge from hospital, the senior anaesthetist involved 
should inform the patient of the relevant facts and the 
ways in which the difficulties experienced may affect 
airway management in future anaesthetics. It is prob- 
ably appropriate that any patient whose airway is likely 
to prove difficult to manage during RSI by a junior an- 
aesthetist is given written information to that effect. 
The anaesthetic record should contain a clear record 
of the problem, what was done, what did and did not 
work, and a judgement as to the likely problems and 
solutions in the future. This information should be 
given to the patient, sent to the patient’s general practi- 
tioner and filed in the hospital records. An example of 
a proforma is shown in Figure 22.25. The general prac- 
titioner should be asked to include the information in 


any future referrals. The Read code for difficult intu- 
bation can usefully be included in such letters and is 
SP2y3. It may be appropriate for the patient to wear a 
medical alert bracelet. 
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A high-risk surgical procedure can be considered as 
one in which there is an accepted postoperative mortal- 
ity rate of more than 1%. This includes cardiothoracic 
surgery, vascular surgery and major intra-abdominal 
cancer surgery, either as elective or emergency proce- 
dures. There are a number of factors that can put a pa- 
tient at risk from such procedures. These can be divided 
into two broad categories: first, the technical hazards of 
the surgical procedure itself, e.g. the construction of a 
gastrointestinal tract anastomosis and the potential for 
it to break down; and second, the presence of significant 
co-morbidities in the patient before surgery, usually of 
a cardiorespiratory nature, which are severe enough to 
cause impaired preoperative functional status. In most 
patients, poor outcome from major surgery arises from 
a combination of these factors, in which the patient 
with impaired physiological reserve is unable to cope 
with the physiological demands of the surgery, leading 
to multi-organ dysfunction syndrome (MODS), multi- 
organ failure (MOF), and death in the worst cases. 

Cardiothoracic anaesthesia and emergency anaes- 
thesia are considered elsewhere (Chs 33, 34 and 37), 
and this chapter will concentrate on the patient under- 
going scheduled major non-cardiac surgery. However, 
the principles of treatment, particularly fluid manage- 
ment, generally apply also to the patient undergoing 
an emergency procedure. 


WHAT MAKES AN OPERATION 
HIGH-RISK? 


Major surgery generates a systemic inflamma- 
tory response which is driven by the release of pro- 
inflammatory cytokines such as tumour necrosis 
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factor (TNF) and interleukin-6 (IL-6). The magni- 
tude of the inflammatory response, as judged by the 
levels of pro-inflammatory cytokines in the circula- 
tion, is associated directly with postoperative out- 
come, with higher concentrations of circulating IL-6 
associated with an increased incidence of postopera- 
tive complications. 

Pro-inflammatory responses are particularly marked 
in surgery involving the gastrointestinal tract, major 
vascular surgery and cardiac surgery. Other factors 
which increase the inflammatory response include the 
need for major blood transfusion, emergency surgery 
and the presence of decreased tissue perfusion, particu- 
larly in the gastrointestinal tract. 

The effect of the inflammatory responses is a post- 
operative increase in oxygen requirements of up to 
50% above basal levels. This substantial increase in 
oxygen demand is met normally by increases in cardiac 
output and tissue oxygen extraction. Most patients 
can meet the increased oxygen demand by increas- 
ing cardiac output and usually recover well after sur- 
gery. However, there is a group who may not have the 
physiological reserve to increase cardiac output to the 
required level and these patients are at higher risk of 
complications after surgery. 

In addition to the systemic inflammatory response, 
major surgery generates a neuroendocrine stress re- 
sponse. Although this stress response may be attenu- 
ated to a degree, it is difficult to modify an established 
systemic inflammatory response and treatment strat- 
egies for the high-risk patient have relied on identi- 
fying patients early and optimizing various aspects 
of patient care in order to reduce risk and improve 
outcome. 
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IDENTIFYING THE HIGH-RISK 
SURGICAL PATIENT 


Large-scale audits of surgical deaths in the UK have 
found that patients at risk are usually elderly, and 
60-70% have established cardiorespiratory disease. 
When cardiac output monitoring is used in patients 
undergoing major surgery, it has been found that pa- 
tients are more likely to die if they are unable to in- 
crease their cardiac output spontaneously in response 
to the physiological demands of the procedure. Poor 
outcome after major surgery is also associated with 
other related physiological factors which are all 
markers of impaired tissue perfusion, either globally 
or more specifically. 


m Pre-operative factors 
= Decreased exercise tolerance 
= Onset of myocardial wall abnormalities dur- 
ing stress echocardiography 
= Intra-operative and postoperative factors 
= Inability to increase oxygen delivery after surgery 
= Reduced central or mixed venous oxygen 
saturation 
= Development of a base deficit during surgery 
= Reduced gastric mucosal pH indicating im- 
paired gut microcirculation. 


Because these abnormalities may manifest them- 
selves only during surgery or in the postoperative pe- 
riod, the challenge for the anaesthetist is to identify 
high-risk patients before surgery, wherever possible. 


RISK PREDICTION SCORING 
SYSTEMS 


ASA Score 


The American Society of Anesthesiologists’ scor- 
ing system (ASA score) was developed as a guide to 
patient risk, and depends on a subjective assessment 
by an anaesthetist of the impact of co-morbidities 
on an individual patient’s risk. The system has only 
5 categories, and the subjective nature of the assess- 
ment means that there is a large degree of variability 
between anaesthetists when classifying patients. In 
practice, it has some limited use as a rough guide, but 
does not have specific risk-prediction value for indi- 
vidual patients. 
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Shoemaker’s Criteria 


In the 1980s, Shoemaker noted that a decreased oxygen 
delivery (DO,) was associated with poor outcome, and 
described a list of clinical risk factors associated with 
decreased survival, known as the Shoemaker criteria. 


m Previous severe cardiorespiratory illness (acute 
MI, COPD, stroke) 

m Extensive ablative surgery planned for carcinoma 

m Severe multiple trauma (more than three organs 
or two body cavities involved) 

m Massive acute blood loss (more than 8 units) 

m Age over 70 years with limited physiological 
reserve 

m Shock (mean 
60 mmHg) 

m Septicaemia 

= Respiratory failure 

m Acute abdominal catastrophe with haemody- 
namic instability (pancreatitis, bowel infarction, 
perforated viscus, GI bleeding) 

= Acute renal failure 

m Vascular disease involving aorta. 


arterial pressure less than 


These criteria have been used to select patients for 
therapeutic trials, and are a useful guide to highlight 
at-risk patients, but do not provide an individual- 
specific risk assessment. 


POSSUM Score 


The Physiological and Operative Severity Score for the 
enUmeration of Mortality and Morbidity (POSSUM 
score) was developed specifically to provide predicted 
risk scores for complications and death after surgery. 

The score requires physiological data from the pa- 
tient’s condition prior to surgery, and intraoperative 
data from the surgical procedure itself. 

POSSUM score physiological variables: 


age 

Glasgow coma score 
haemoglobin concentration 
white cell count 

serum sodium concentration 
serum potassium concentration 
serum urea concentration 
heart rate 
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systolic blood pressure 
respiratory co-morbidity 
cardiac co-morbidity 
ECG abnormality. 


POSSUM score surgical variables: 


operative severity 

degree of cancer spread 
peritoneal soiling 

number of procedures required 
blood loss 

urgency of surgery. 


The POSSUM system assigns different scores to 
degrees of abnormalities demonstrated by the vari- 
ables. The total scores for the physiological and 
operative components are entered into an equa- 
tion which gives predicted percentage values for the 
risks of mortality and morbidity (a specified range 
of complications). The original POSSUM system 
was devised 20 years ago in a general surgical pop- 
ulation and the values of predicted mortality and 
morbidity reflect the current standards of care at 
that time. Subsequent research has produced more 
procedure-specific and location-specific versions of 
the POSSUM score but the overall structure of the 
system remains unchanged. The requirement for in- 
traoperative data severely limits the real-time use of 
POSSUM as a tool for predicting the risk of an indi- 
vidual patient prior to surgery, but it has been shown 
to be a useful tool for retrospective assessment of the 
risk of comparative patient groups for audit and 
research purposes. 


Revised Cardiac Risk Index 


The Revised Cardiac Risk Index (RCRI) is a more 
system-specific score, designed to predict the risk of a 
patient developing a cardiac-related complication fol- 
lowing non-cardiac surgery. Six variables are identified 
as independent predictors. 


Ischaemic heart disease 

Congestive cardiac failure 

Cerebrovascular disease 

Requirement for insulin therapy 

Renal insufficiency (creatinine >170 pmol L~’) 
Requirement for major surgery. 


The risk of cardiac events ranges from 0.4% without 
any factors to 11% if three or more factors are present. 
Although simple to use, the RCRI predicts only spe- 
cific cardiac morbidity. In addition, the score was de- 
rived during the 1990s, and subsequent developments 
in treatment for secondary prevention of ischaemic 
heart disease are likely to have led to a reduction in 
the incidence of postoperative events, and to an over- 
prediction of risk. 


POSTOPERATIVE PULMONARY 
COMPLICATION RISK PREDICTORS 


Seven independent risk predictors for postoperative 
pulmonary complications (PPC) have been identified. 


m Increasing age 

Low preoperative oxygen saturation 
Respiratory infection within last month 
Preoperative anaemia 

Type of surgical incision 

Duration of surgery 

Emergency procedure. 


Weightings are given to different categories of the 
independent variables, and an overall score is calcu- 
lated leading to a classification of low, intermediate or 
high risk for PPC. 


LABORATORY INVESTIGATIONS FOR 
RISK ASSESSMENT 


Routine Investigations 


In patients presenting for elective surgery, investiga- 
tions such as full blood count, or serum urea and elec- 
trolyte concentrations, will not, in general, be of any 
significant value in predicting risk, although they may 
be useful as components of more comprehensive scor- 
ing systems such as POSSUM (see above), and they 
may highlight specific abnormalities, such as severe 
anaemia, which should be corrected before surgery. 


Plasma Biomarkers 


Biomarkers are biochemical substances that can be 
assayed from plasma samples and abnormal levels of 
biomarkers may be associated with certain disease 
states. B-type natriuretic peptide (BNP) is a hormone 
secreted by cardiac cells in response to stretching of 
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the myocardium. BNP results in increased sodium 
excretion and decreased systemic vascular resistance, 
with the net result of decreasing blood volume. BNP 
levels are raised in patients with heart failure and cor- 
relate with the degree of severity of the disease. In the 
patient undergoing major surgery, the presence of a 
raised concentration of BNP is associated with higher 
risks of adverse cardiac events and mortality after sur- 
gery, and normal levels are powerful negative predic- 
tors of complications. 


Resting Echocardiography 


Resting echocardiography in the elderly patient is use- 
ful in diagnosing and categorizing aortic stenosis, which 
has been highlighted as a significant problem in these 
patients. Normal left ventricular function in terms of 
ejection fraction or resting echocardiogram does not nec- 
essarily mean that the patient’s risk of developing post- 
operative cardiac complications is low, as a significant 
proportion of patients with heart failure have a preserved 
ejection fraction. These patients may have diastolic dys- 
function or heart failure and will also have an increased 
risk of adverse cardiac events after surgery. 


Stress Echocardiography 


If the demand on the myocardium is increased by an 
infusion of a positive inotropic agent such as dobu- 
tamine, the onset of wall-motion abnormalities indi- 
cates that a patient is at increased risk of postoperative 
cardiac-related complications. Conversely, a normal 
stress response is highly predictive of a very low risk 
of cardiac complications. However, dobutamine stress 
echocardiography is not readily available, interpreta- 
tion is very user-dependent, and it is useful only in 
predicting specific cardiac risk. 


Assessment of Functional Capacity 


The physiological response to major surgery is a dy- 
namic situation and assessment of the patient’s pre- 
operative functional capacity has been recognized as a 
useful test with some predictive value. A patient who 
has limitation of cardiorespiratory reserve on exercise 
may be less able to elevate cardiac output in response 
to postoperative demands, and therefore may be con- 
sidered at greater risk of complications. 

Traditionally it has been taught that patients are at 
higher risk of complications after surgery if they are 
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unable to perform exercise to a level that equates to 4 
metabolic equivalents (METs), where MET is the en- 
ergy expenditure at rest of a 40-year-old, 70kg male. 
The degree of exercise equating to 4 METs would be 
climbing two flights of stairs. Questionnaires have 
been devised which allow practitioners to estimate a 
patient’s level of fitness, but these inevitably rely on the 
patient giving an accurate and honest appraisal of their 
levels of activity, and are therefore subject to bias. 


Simple Exercise Testing 


Objective testing of exercise capacity can provide a 
reasonable estimate of risk. This can vary from simple 
stair-climbing to more formal tests such as the shut- 
tle walk test, in which the subject walks between two 
cones placed 10m apart until unable to keep pace with 
a timed beep. The results of the test are expressed in 
metres walked, and the further the subject walks, the 
better the outcome after surgery is likely to be. 

Although simple walking or climbing tests are use- 
ful in giving an overall impression of a patient’s re- 
serve, they have significant limitations; for example, 
some elderly patients have significant mobility prob- 
lems of the lower limb due to osteoarthritis and may 
find walking difficult. The main value of these sim- 
ple tests lies in their negative predictive value, which 
means that fit patients can be identified who are very 
unlikely to have complications after surgery. However, 
these tests give little useful information about the un- 
derlying causes of impairment of functional capacity 
in patients who do not perform well in the test. This 
is an important limitation, because some patients per- 
form poorly due to an underlying disease state, most 
commonly cardiac impairment, whilst others perform 
poorly simply through being out of condition due 
to lack of physical activity. Recognition of the cause 
of decreased functional capacity may allow effective 
preoperative interventions to improve the patient’s 
performance and reduce the risk of surgery. To evalu- 
ate patients in this way, more sophisticated testing is 
required. 


Cardiopulmonary Exercise Testing (CPET) 


During CPET, a patient undergoes exercise of increas- 
ing intensity which requires an increase in metabolic 
activity in the exercising muscles, which in turn de- 
mands increases in ventilation and cardiac output. 


LABORATORY INVESTIGATIONS FOR RISK ASSESSMENT. 


Limitations in either respiratory or cardiac function 
(or both) result in decreased oxygen uptake by the ex- 
ercising muscles. 

CPET is performed with the patient pedalling on 
a static bicycle with a flywheel to which increasing 
resistance is applied. During the test, oxygen uptake 
and carbon dioxide production are measured using a 
metabolic monitoring cart. A 12-lead ECG is recorded 
simultaneously. Cardiorespiratory performance dur- 
ing exercise is usually defined by the measurement of 
oxygen uptake by the tissues (oxygen consumption, 
VO,), either as the maximum oxygen uptake measur- 
able (VO,,_,.), or as the oxygen uptake at the onset of 
lactate production, commonly known as the anaerobic 
threshold (AT). Other useful parameters obtained in- 
clude measures of ventilatory efficiency and the ability 
to diagnose myocardial dysfunction from heart failure 
or ischaemic heart disease. 


Anaerobic Threshold 


AT occurs usually at 50-60% of VO,_, and is inde- 
pendent of patient motivation. If the AT is the prime 
objective of the CPET, the test can be stopped after it 
has been reached, and this may be advantageous in the 
frail or elderly surgical patient. This variant of CPET is 
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known as a submaximal test, as the intention is not to 
test the patient to the maximum effort. 

AT is identified as the point at which there is onset 
of lactate production through the activation of an- 
aerobic pathways. The lactate produced is buffered by 
bicarbonate to produce water and carbon dioxide. The 
net effect is an increase in the slope of the graph of 
carbon dioxide production relative to oxygen uptake 
(Fig. 23.1) 

Patients whose AT occurs at oxygen uptake values 
less than 11 mLkg™' min"! are at 6-7 times increased 
risk of mortality after surgery compared with those 
who have a higher oxygen uptake at AT. 


Ventilatory Efficiency 


This is estimated from the ventilatory equivalent of 
carbon dioxide, which is the ratio of minute ventila- 
tion to carbon dioxide production, V,/Vco,.A normal 
value is around 25-30, and increases in the ratio reflect 
impairment of V/Q mismatch, either from respiratory 
causes or from impaired cardiac function. In patients 
with heart failure, a value for V./Vco, greater than 34 
is associated with a poor prognosis, particularly when 
combined with an AT less than 11 mLkg™' min™. The 
same holds true for surgical patients, because the 


Anaerobic threshold 


Oxygen uptake 
at anaerobic 
threshold (AT) 


Oxygen uptake (L min-’) 


FIGURE 23.1 


V-slope method for estimating Anaerobic Threshold. Oxygen uptake increases as exercise intensity increases. 


During the initial aerobic phase the slope of the graph of CO, production vs. O, uptake is less than 1. After the onset of lactate 
production from anaerobic pathways (the Anaerobic Threshold), extra CO, is generated by the buffering of lactate with bicarbon- 


ate, and the slope of the CO,/O, graph is greater than 1. 
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implication is that this combination reflects a patient 
with more severe underlying cardiac dysfunction. 
These patients are often asymptomatic at rest, but the 
mortality rate after surgery in this group of patients 
is elevated, reflecting abnormal cardiac function in re- 
sponse to the stress of surgery. 

In a typical UK population of elderly surgical pa- 
tients, approximately 30% have reduced AT combined 
with reduced ventilatory efficiency, and are therefore 
in a high-risk group for surgical intervention. This 
group of patients should be optimized medically be- 
fore surgery if possible, and managed on high depen- 
dency care after surgery. 


Identification of Myocardial Dysfunction 


Two parameters derived from gas exchange data can be 
used to identify patients with underlying myocardial 
dysfunction. 


m Oxygen uptake per heart beat (Vo,/HR, also 
known as the ‘oxygen pulse’). This should in- 
crease steadily during exercise as a reflection of 
increases in underlying stroke volume initially, 
followed by increases in oxygen extraction. 
Flattening of the slope of the graph during exer- 
cise may reflect underlying myocardial wall mo- 
tion abnormalities. 
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m Oxygen uptake to work rate relationship (Vo,/WR) 
(Fig. 23.2). For each 1 W increase in work rate, oxy- 
gen uptake should increase by 10 mL min™'. 


A value of Vo,/WR significantly less than 
10mLmin‘?W™ may indicate underlying heart failure. 
A sudden change of the Vo,/WR relationship during ex- 
ercise may indicate the onset of myocardial ischaemia 
with consequent myocardial wall motion abnormalities. 

Changes in either oxygen pulse or the Vo,/WR re- 
lationship occur usually 2—3min before changes in 
the ST segment of the exercise ECG are observed. A 
patient who develops these abnormalities may benefit 
from referral for cardiological assessment if symptom- 
atic and if other variables such as AT are significantly 
impaired, or from cardiac protection from cardioselec- 
tive B-blockade if asymptomatic (see below). 


REDUCING RISK BEFORE SURGERY 


Information from preoperative assessment and investi- 
gations, particularly cardiopulmonary exercise testing, 
can help the clinician answer three important questions 
in an effort to reduce risk for an individual patient. 


m Is the patient fit enough for the proposed sur- 
gery, or would a less invasive procedure, or even 
postponement of surgery, be more suitable? 


Work rate (W) ----- 


10 


A Time during exercise (min) 


FIGURE 23.2 


Relationship between oxygen uptake and work rate (VO,/WR). (A) Normal: for each 1 W increase in work rate 


intensity, oxygen uptake increases by 10 mLmin“". In this example, O, uptake is 500 mLmin~ at the onset of loaded cycling, and 


1500 mLmin“' after 100W, an increase of 1OmLmin“'W"!. 
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FIGURE 23.2 ™ Cont'd (B) Ischaemic heart disease: The VO,/WR relationship starts normally, but O, uptake abruptly stops 
increasing at the critical ischaemic point as wall motion abnormalities develop. (C) Chronic heart failure: VO,/WR is significantly 
decreased, as the myocardial pump does not respond normally to increasing exercise intensity. 


m Can the patients medical condition be im- an abdominal aortic aneurysm can be treated by 
proved before surgery, with consequent risk open repair or endovascular repair, or can even 
reduction? be left in situ in a particularly high-risk patient. 


= Does the patient need to go to a high dependency For colorectal disease, the alternatives to curative- 

care or intensive care unit after surgery, or is intent surgery are limited, but surgical risk can still 

postoperative care in a general ward appropriate? be modified, for instance by choosing to perform a 

Hartmann’s procedure in a very high-risk patient 

ALTERNATIVES TO MAJOR SURGERY with a rectal tumour rather than risking an anas- 

tomotic leak in a patient with limited reserve. Such 

The availability of different treatment options is decisions need to be taken on a case-by-case basis, 
influenced by the surgical condition. For instance, with all other factors taken into account. 
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PREOPERATIVE INTERVENTIONS TO 
REDUCE RISK 


B-Blockade 


The purpose of cardioselective B-blockade is to re- 
duce the risk of myocardial ischaemia after sur- 
gery through the prevention of tachycardia and 
the consequent decrease in myocardial oxygen 
demand and improvement in myocardial perfusion 
time. B-Blockers are now also used widely in the 
treatment of heart failure as well as the prevention 
of ischaemic events, but in heart failure, it is neces- 
sary to establish B-blockade over a period of time for 
full effect, starting with a low dose. 

In practice, the introduction of B-blockers has not 
always shown clinical benefit. The use of bisoprolol 
(a cardioselective B-blocker) in patients with demon- 
strable wall motion defects on stress echocardiography 
significantly reduces the risks of death and myocardial 
infarction after surgery. However, it may be necessary 
to start treatment with bisoprolol several weeks be- 
fore surgery. Metoprolol started immediately before 
surgery results in a small but significant reduction in 
cardiac events, but at the expense of increased hypo- 
tension, an increase in cerebrovascular events and an 
increase in overall mortality. 

Retrospective studies have shown that the protec- 
tive effect of B-blockade is greater in patients who have 
an increased number of RCRI cardiac risk factors, and 
there is even a suggestion that -blockade in patients 
with no cardiac risk factors may be harmful. 

Many patients are already established on long-term 
B-blockade, and it is important that B-blockade is con- 
tinued around the time of surgery, as sudden cessation is 
definitely associated with a worse outcome. Parenteral prep- 
arations of atenolol and metoprolol are available for the pa- 
tient who is ‘nil by mouth’ and there is some suggestion that 
the longer-acting atenolol may be more beneficial. 


Statin Therapy 


Many surgical patients are already established on long- 
term statin therapy as part of secondary prevention of 
cardiovascular disease. If so, it is important that this 
treatment is continued around the time of surgery, as 
withdrawal can cause a rebound effect. 

Long-term statin use has been shown to reduce the 
risk of mortality after surgery in patients undergoing 
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aortic surgery. Although more evidence is required, 
introducing statins before surgery may have some ben- 
eficial effect, possibly through their anti-inflammatory 
actions, and is unlikely to cause harm because side- 
effects are rare. There is no parenteral preparation 
of statins, but it may be useful to use a longer-acting 
preparation such as fluvastatin, taken on the morning 
of surgery. 


Coronary Revascularization 


A cardiological evaluation is required for patients 
with unstable angina, or severe exercise limitation ac- 
companied by ischaemia. These patients are at risk of 
adverse cardiac events irrespective of their surgical dis- 
ease, but in practice constitute a small proportion of 
surgical patients. 

There is a much larger group of patients who are 
asymptomatic, but have cardiac risk factors, and in 
whom coronary lesions can be identified on angiogra- 
phy. Prophylactic revascularization of such lesions be- 
fore non-cardiac surgery has not been shown to have 
any overall benefit when the morbidity of the revascu- 
larization is taken into account. 

Surgery may be further complicated in patients who 
have undergone percutaneous coronary intervention 
(PCI) with stenting because they need to take dual anti- 
platelet therapy for a minimum of 6 weeks in the case 
of bare metal stents, and 12 months for drug-eluting 
stents. In patients who are known to require surgery 
after their PCI, a bare metal stent should be used to mi- 
nimize the time on dual anti-platelet therapy. 


Smoking Cessation 


A benefit in terms of reduced pulmonary complica- 
tions occurs only after 2-3 months of smoking ces- 
sation. However, there may be some immediate gains 
in the patient at high risk of cardiovascular complica- 
tions because smoking causes a hypercoagulable state 
which increases myocardial work, decreased oxygen 
delivery through increased occupancy of haemoglobin 
by carbon monoxide, vasoconstriction and catechol- 
amine release. 


Chest Physiotherapy 


Preoperative chest physiotherapy may be beneficial in 
reducing atelectasis after surgery in patients at risk of 
developing pulmonary complications (see above). 


IDENTIFYING PATIENTS IN NEED OF POSTOPERATIVE CRITICAL CARE 505 


Correction of Anaemia 


Most healthy patients tolerate a haemoglobin concen- 
tration of 8g dL“, but the high-risk patient is more 
likely to be elderly and to have ischaemic heart dis- 
ease, and may therefore require a higher haemoglobin 
concentration. 

The patient may already be anaemic due to the na- 
ture of the surgical disease, particularly tumours of the 
right colon, stomach and urogenital tract, and anae- 
mia is an independent risk factor for the development 
of complications after colonic surgery. 

In patients with limited reserve, the anaemia 
should be reversed, if not completely corrected, in 
the first instance with either oral or parenteral iron 
administration. In more severe cases, the clinician 
needs to decide whether a preoperative transfusion 
is justified, although with improving parenteral 
iron therapy, the need for transfusion should be 
reduced. 


IDENTIFYING PATIENTS IN NEED OF 
POSTOPERATIVE CRITICAL CARE 


High-dependency care unit (HDU) and intensive care 
unit (ICU) beds are expensive resources in all hospi- 
tals, and demand usually outstrips supply. Some pa- 
tients are admitted automatically to an HDU bed after 


major surgery such as open aortic aneurysm repair or 
upper gastrointestinal cancer surgery. However, af- 
ter other more common surgical procedures, such as 
colorectal cancer surgery, weight reduction surgery or 
complex orthopaedic surgery, it is often unclear which 
patients are more likely to benefit from the extra mon- 
itoring and additional supportive measures which the 
HDU can provide. 

A reduced value of anaerobic threshold (AT), 
measured from cardiopulmonary exercise testing 
(CPET), has been used to define groups at higher 
risk of complications after surgery. A protocol for 
triage of patients to ICU, HDU or to ward care af- 
ter surgery based on CPET results was described by 
Older in 1999. Mortality rates were very low among 
patients who were allocated to ward care on the basis 
of good AT values, indicating that CPET was accurate 
in identifying patients who did not need HDU care, 
irrespective of clinical history or age. This model of 
care is now becoming established in hospitals with 
access to preoperative CPET. A typical protocol is 
shown in Figure 23.3. 

The usefulness of this approach is emphasized by 
the results from a recent large audit of surgical out- 
comes in a UK tertiary centre, which showed that clini- 
cal judgement alone does not identify high- or low- risk 
surgical patients with the same degree of accuracy. 


1. History and examination 
2. Cardiopulmonary exercise test 


High risk (30%) 

At least two of the following: 
1. AT <11mL kg” min“ 

2. Ve/VCO,; >34 

3. Ischaemic heart disease 


Medium risk (55%) 

One of the following: 

1. AT <11mL kg™ min 

2. Ve/VCO; >34 

3. Ischaemic heart disease 


Low risk (15%) 


1. AT <11mL kg! min 
(irrespective of other risk 


| 


factors) 


1. Perioperative fluid optimization 
2. Critical care bed after surgery 


1. Perioperative fluid optimization 
2. Extended PACU stay, then 
level 1 bed on ward 


1. Perioperative fluid optimization 
2. Ward bed after surgery 


FIGURE 23.3 


Triage flowchart for perioperative care. An example of how data from CPET as well as clinical information can 


lead to a rational approach to allocation of postoperative critical care. 


506 23 


PERIOPERATIVE MANAGEMENT 
OF THE HIGH-RISK PATIENT 


Ideally, the high-risk patient presents for surgery 
having been identified as being at increased risk, 
and having had medical co-morbidities optimized 
as much as possible at the preoperative assessment 
clinic stage. 

This section concentrates on the anaesthetic man- 
agement of the patient, with emphasis on haemody- 
namic monitoring and optimization of the circulation. 


Choice of Anaesthetic Technique 


General anaesthesia is usually necessary for patients 
who undergo major body cavity surgery, whereas a 
regional anaesthetic technique may be considered ad- 
vantageous for peripheral surgery in a high-risk pa- 
tient, although there is little evidence that the risk of 
developing complications is significantly reduced by 
use of regional anaesthesia. 

In many patients who undergo body cavity surgery, 
general anaesthesia is supplemented by a neuraxial 
block technique, usually using a thoracic epidural 
catheter inserted before induction. The main purpose 
is to provide a high quality of pain relief after surgery, 
but a carefully managed epidural also reduces the 
need for systemic opioid analgesia during surgery. 
However, an epidural block is likely to produce a sym- 
pathetic block which causes peripheral vasodilatation 
and hypotension, and this can lead to decreased tissue 
perfusion, which may be significant in the compro- 
mised patient. 


Haemodynamic Monitoring, Fluid Therapy, 
and Optimization of Oxygen Delivery 


Oxygen Delivery 


Many studies have shown that patients are more likely 
to develop complications after surgery if they show 
signs of impaired tissue perfusion and oxygen delivery 
during the perioperative period. 

Oxygen delivery (DO,) is dependent upon cardiac 
output and the oxygen content of arterial blood. 


m DO,=cardiac outputxO, content (haemoglo- 
bin x O, saturation x 1.34) 


Additionally, there is a small but clinically insignifi- 
cant amount of dissolved oxygen. 
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Assuming that the haemoglobin concentration is 
satisfactory (>8 g dL“), the variable most likely to alter 
during anaesthesia is the cardiac output. 

Cardiac output (CO) depends on the stroke volume 
(SV, volume of blood ejected during systole) and the 
heart rate (HR). 


m CO=SVXHR 


Cardiac output is usually expressed as an indexed 
value, where the absolute value of cardiac output 
(Lmin‘') is divided by the body surface area, which 
allows closer comparison between individuals of dif- 
ferent sizes. 


Oxygen Consumption 


Oxygen consumption can be estimated by measur- 
ing the difference in oxygen contents of arterial blood 
(before oxygen is delivered to the tissues) and mixed 
venous blood (blood returning to the lungs from the 
tissues), and multiplying by cardiac output: 


= VO,=CO x (Sa0,-S,,0,) x 1.34 Hb 


Stroke Volume 


Stroke volume is dependent on cardiac preload, 
afterload and cardiac contractility, factors which can 
all change during anaesthesia and surgery. 


m Preload decreases if the patient becomes hypo- 
volaemic, either through blood loss, insensible 
losses or relative hypovolaemia through excessive 
vasodilatation and capacitance increase of the 
circulation. 

Afterload is dependent on systemic vascular 
resistance (SVR), which can decrease through 
the vasodilator effects of anaesthetic agents on 
the peripheral circulation, or epidural-induced 
sympathetic blockade. SVR can increase if sym- 
pathetic tone is increased, for example by cir- 
culating catecholamine increases in response to 
surgical stimulation. 

Contractility can decrease through direct action 
of anaesthetic agents or circulating inflamma- 
tory cytokines, or increase if sympathetic activity 
increases. 


In clinical practice, the most important of these 
variables is the volume of preload, and its effect on 
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stroke volume. The Frank-Starling law states that 
increasing venous return to the left ventricle increases 
left ventricular end-diastolic pressure and volume, re- 
sulting in an increase in stroke volume. Increasing the 
preload increases the active tension developed by the 
muscle fibre and increases the velocity of fibre short- 
ening, assuming that afterload and inotropic states 
remain constant (if the afterload is changed or inotro- 
pic activity changes, the shape of the Frank—Starling 
curve alters). 

Figure 23.4 shows the effect of boluses of fluid 
on stroke volume at different points on the Frank- 
Starling curve. On the lower portion of the curve, 
when preload is low, a fluid bolus is likely to produce 
an increase in stroke volume of greater than 10%. As 
preload increases, the increases in stroke volume re- 
duce, until a rise of less than 10% is obtained, indicat- 
ing that the plateau of the Frank—Starling curve has 
been reached, and that further fluid boluses are not 
required. 

The high-risk surgical patient benefits from mea- 
sures which aim to optimize oxygen delivery through 
the careful administration of fluid, guided by careful 
monitoring of circulatory flow and preload. 

The techniques used to measure stroke volume or 
preload, and the protocols used for fluid therapy, vary, 
but essentially fall into one of three categories: 


Stroke volume 


m preoperative optimization of oxygen delivery 
m intraoperative stroke volume optimization 
m preload responsiveness optimization. 


All of these approaches have been shown to im- 
prove outcome through reductions in mortality and 
complication rates. 


Preoperative Optimization of Oxygen Delivery 


Early studies of outcome after high-risk surgery used 
the observation from Shoemaker in the 1980s that sur- 
vival after surgery was associated with a DO, index of 
greater than 600 mL™' min™' m~. Patients were admit- 
ted to critical care beds before surgery and a pulmo- 
nary artery catheter was inserted to measure cardiac 
index. A DO, of 600 mL“' min“ m~ was targeted using 
fluid boluses initially, and an infusion of an inotropic 
drug was started if the target oxygen delivery was not 
achieved with fluid alone. 

In trials in which the patients were at very high 
risk, as shown by mortality in the control group, this 
approach produced significant reductions in mortal- 
ity. However, further studies of patients who were at 
lower risk failed to show benefit. In addition, the use 
of the pulmonary artery catheter to measure cardiac 
output has largely fallen out of favour due to its in- 
vasive nature and the need for expert interpretation. 
New techniques for measurement of cardiac output 


Preload 


FIGURE 23.4 


Optimizing stroke volume with fluid: the Frank-Starling curve. At point A on the curve, the patient is signifi- 


cantly hypovolaemic and responds to a fluid bolus with a 16% increase in stroke volume at point B. The second bolus (B to 
C) produces a smaller but still significant increase, but the third bolus (C to D) produces only a small (<10%) increase in SV, 
signifying that the plateau portion of the Frank-Starling curve has been reached and that further fluid boluses will not lead to an 


increase in stroke volume. 
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have now been developed which are less invasive than 
the pulmonary artery catheter, and easier to use in the 
general surgical patient. 


Intraoperative Stroke Volume Optimization 


The development of the oesophageal Doppler device 
has allowed direct measurement of the stroke volume. 
Placed in the oesophagus after induction of anaesthe- 
sia, the Doppler probe is focused on the optimal wave- 
form in the descending portion of the thoracic aorta. 

The measured parameters of the Doppler waveform 
(Fig. 23.5) include: 


m corrected flow time (FTc, ms) 

m peak velocity (PV), considered a surrogate 
marker of contractility 

m stroke distance, the distance which a column of 
blood moves in the aorta during systole, from 
which stroke volume is calculated using a nomo- 
gram based on the patient’s height, weight and age. 


A value for corrected flow time of less than 330 ms 
indicates hypovolaemia, and stroke volume usually 
increases if a bolus of fluid is given. Flow time in- 
creases if systemic vascular resistance decreases, which 
is usually the case in the anaesthetized patient; admin- 
istration of vasoconstrictors increases systemic vascular 
resistance and decreases flow time. Because of these 
confounding influences on flow time, most practi- 
tioners use the derived estimate of stroke volume to 
guide fluid therapy. 


Hypovolaemia 


FIGURE 23.5 
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Figure 23.6 shows a typical protocol for Doppler- 
guided fluid administration in which boluses of fluid 
are given until no further increases in stroke volume 
occur. 

Doppler-guided fluid strategies have been shown to 
reduce complication rates and hospital length of stay 
in cardiac, general and orthopaedic surgery. Doppler- 
guided stroke volume optimization is associated with 


Measure stroke 
volume (SV) 


| 


Give 250ml fluid bolus Yes Has SV decreased 
over 2-3 min by 10%? 
Yes No 
Monitor SV 


every 15 min 


(more often if 
ongoing blood loss) 


Has SV increased by No 
10% or more? 


FIGURE 23.6 ™ Protocol for administering fluid guided by 
oesophageal Doppler. In the anaesthetized patient, stroke 
volume is the optimal parameter to guide fluid therapy when 
using the oesophageal Doppler. The approach followed in this 
example aims to optimize the patient’s Frank-Starling curve 
(see Fig. 23.4) by sequential boluses of fluid until no further 
increases in stroke volume are observed. 


After fluid bolus 


Fic 


Time 


Oesophageal Doppler trace with response to fluid. The height of the trace represents the peak velocity (PV), a 


marker of contractility. The corrected Flow Time (FTc) is the systolic ejection time in milliseconds; a value less than 330 ms indi- 
cates hypovolaemia. The hypovolaemic patient responds to a fluid bolus by increasing both flow time and peak velocity. 
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improved perfusion of the gut mucosa, and with re- 
duced interleukin-6 concentrations after surgery. 
These studies suggest that correcting occult hypovolae- 
mia at an early stage during surgery has an important 
beneficial role through improvement of gut perfusion 
with consequent reduction in the magnitude of the in- 
flammatory response. 

The oesophageal Doppler has some limitations. For 
consistent measurements, the patient needs to be ei- 
ther anaesthetized or deeply sedated. The technique is 
contraindicated in patients with oesophageal pathol- 
ogy, and the values are inaccurate during clamping of 
the aorta. 


Preload Responsiveness to Guide Fluid Therapy 


Stroke volume can be measured through analysis of 
the arterial pulse waveform (pulse contour analy- 
sis). This requires insertion of an arterial line, but 
this should be considered routine monitoring in the 
high-risk patient. A patient who has a sustained in- 
crease in stroke volume after a fluid challenge can be 
described as being preload responsive. As an alterna- 
tive to direct observation of stroke volume responses 
to a fluid challenge, preload responsiveness can be es- 
timated by assessing changes in the arterial pressure 
or plethysmographic waveform during mechanical 


ventilation. To date, several preload responsiveness 
variables have been described: 


m systolic pressure variation (SPV) 

m pulse pressure variation (PPV) 

m stroke volume variation (SVV) 

m plethysmogram variability index (PVI). 


SPV, PPV and SVV all require insertion of an arterial 
line, whereas PVI is derived from analysis of the pulse 
oximeter waveform and is therefore non-invasive. 

The ability of these variables to determine preload 
responsiveness is based on observation of the cyclical 
changes which occur in stroke volume in response to 
mechanical ventilation (Fig. 23.7). 


m Right ventricular stroke volume decreases due to 
a decrease in preload as raised intrathoracic pres- 
sure causes decreased flow in the inferior vena 
cava and increased afterload. 

m Left ventricular stroke volume increases initially as 
increased alveolar pressure causes an increase in 
flow of blood already in the low-pressure pulmo- 
nary capillary system returning to the left atrium. 

m Left ventricular stroke volume subsequently de- 
creases as the decrease in right ventricular stroke 
volume causes a decrease in left ventricular 
preload. 


Pa 


Paw 


FIGURE 23.7 


End-expiratory pause 


Variation in arterial pulse with ventilation. In the mechanically ventilated patient, the amplitude of the arte- 


rial pulse varies during the ventilatory cycle. Variations in the systolic pulse (SPV) greater than 12-14% indicate that a patient is 
hypovolaemic and likely to respond to fluid by increasing stroke volume. (Adapted from: Michard F. Changes in arterial pressure during 


mechanical ventilation. Anesthesiology 2005; 103:419—428.) 
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Respiratory variations in stroke volume are the main 
determinant of the respiratory change in pulse pres- 
sure, as long as arterial compliance remains the same. In 
hypovolaemia, SVV and PPV are increased as the under- 
filled right atrium and vena cavae are more compliant, 
and hence collapsible during inspiration, and the heart is 
generally more sensitive to changes in preload because of 
the position on the steeper portion of the Frank—Starling 
curve. Consequently, variations in stroke volume, pulse 
pressure and, to a lesser extent, systolic pressure increase in 
hypovolaemic conditions. A pulse pressure or stroke vol- 
ume variation greater than 12—13% is highly sensitive and 
specific for hypovolaemia, and a patient with this degree 
of variability normally responds to a fluid challenge with 
an increase in stroke volume. 

Most studies of preload responsiveness have been 
conducted in patients undergoing cardiac surgery or 
in the ICU. Some surgical outcome studies have been 
undertaken and show that a fluid administration 
protocol based on stroke volume or pulse pressure 
variation can lead to a reduction in postoperative com- 
plications, although the evidence base is smaller com- 
pared with that for stroke volume optimization guided 
by Doppler, which has been available for longer. 

PVI is obtained using recent technology in which 
the variation of the amplitude of the plethysmogram 
waveform during the respiratory cycle is analysed. It 
has been shown that values of PVI in excess of 14% are 
associated with hypovolaemia in stable cardiac surgical 
patients. 

Preload responsiveness monitoring variables share 
the same significant limitations in that they require a 
stable heart rhythm, and are only validated in patients 
whose lungs are ventilated mechanically. It is unlikely 
that one technique is superior to the other, as long as 
the principles of measuring the response to a fluid 
challenge are adhered to, with the aim of ensuring that 
the patient has an optimal preload, and is on the pla- 
teau portion of the Frank-Starling curve. 


Choice of Fluid 


Both colloid and crystalloid solutions are used regu- 
larly for fluid therapy in the high-risk surgical patient. 
Although some anaesthetists express strong views in 
favour or against one or other of these types of fluid, 
it is likely that a combination of both fluids, used for 
different purposes, is the optimal solution. 
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Crystalloids should be used for provision of 
maintenance fluid until the patient is able to toler- 
ate oral fluid. This should be given at a rate of at 
least 1.5mLkg“"h"', although larger doses are of- 
ten used. Crystalloids are also the vehicle for elec- 
trolyte replacement therapy. Surgical patients need 
1-2mmolkg™ of sodium daily and 1mmolkg™ of 
potassium. Solutions which contain dextrose only, or 
a mixture of dextrose and hypotonic saline (0.18%), 
lead to hyponatraemia and hypokalaemia, and should 
be avoided. 

Colloid solutions should be reserved for correction 
of hypovolaemia and optimization of tissue perfusion, 
given as fluid challenges guided by flow-based measure- 
ments such as stroke volume or the preload responsive- 
ness variables described above. Two types of colloid 
have been used in anaesthetic practice, the gelatins and 
starches. Gelatins are generally cheaper and provide a 
plasma volume expansion effect for 2-3 h. Starch-based 
colloids have now been withdrawn in the UK follow- 
ing after results from large randomised clinical trials 
and a meta-analysis reported an increased risk of renal 
dysfunction and mortality in critically ill or septic 
patients who received hydroxyethyl starch compared 
with crystalloids. 

Infusion of large volumes of 0.9% sodium chlo- 
ride (‘normal saline’) has been associated with the 
development of a hyperchloraemic metabolic aci- 
dosis. This acidosis is usually mild, and the clini- 
cal consequences are unclear. The most significant 
problem is probably the potential for erroneous 
interpretation of metabolic acidosis, and adminis- 
tration of unnecessary treatment in an otherwise 
normal patient. There may even be some benefit to 
a mild acidosis as it induces a leftward shift in the 
oxygen dissociation curve leading to increased oxy- 
gen delivery to the tissues. 

It remains clinically unproven whether physiologi- 
cally balanced crystalloids, such as Ringer's lactate, or 
colloids suspended in physiologically balanced solu- 
tions, have a clear clinical advantage over those con- 
taining saline. 


Fluid Restriction Regimens 


There is some evidence that giving patients unre- 
stricted amounts of crystalloid solutions around the 
time of surgery can lead to increased complications. 


Although crystalloid fluids have some immediate 
volume expansion effects when given as a fast bolus, 
these effects are short-lasting because crystalloid so- 
lutions (Ringer’s lactate or 0.9% saline) are largely 
dispersed throughout the extracellular fluid com- 
partment, which is 14L in the average adult. Of 1L 
of crystalloid solution administered, approximately 
only 25-30% remains within the circulation, with 
the remainder adding to the interstitial fluid volume. 

The net effect is to increase the likelihood of tissue 
oedema, which, in the lungs, can cause impairment 
of gas exchange and, in the gut, can lead to ileus and 
increased gut permeability, with a delay in return of 
normal gut function. 

Some studies of regimens in which crystalloid use 
has been restricted have shown improved outcome, 
but the wide range of regimens used, the lack of the use 
of goal-directed fluid therapy and the results of other 
studies showing no benefit, has led to uncertainty over 
the benefits of true ‘restrictive’ fluid regimens. 

In summary, the important factor is how carefully 
intravenous fluids are administered. Crystalloids should 
not be given in large volumes, but used for maintenance 
support, and the use of colloid should be restricted to 
optimization of circulating volume and replacement of 
circulatory losses until the point at which blood com- 
ponent therapy is required, which is usually when the 
haemoglobin concentration decreases to below 8 g dL™". 


POSTOPERATIVE MANAGEMENT 


Successful management strategies for the high-risk 
surgical patient are based on preventing complications 
where possible through appropriate cardiovascular 
support as described above, and early recognition and 
treatment of situations in which surgical complica- 
tions or unforeseen medical problems cause deterio- 
rating organ function. 

The level of monitoring required depends on the risk 
status of the patient, hopefully identified prior to sur- 
gery, so that the appropriate arrangements can be made 
in advance. Major elective surgery in a high-risk patient 
should proceed only if it has been confirmed that the 
appropriate level of postoperative care is available. 

A patient previously identified as high-risk should 
be managed in a critical care bed after surgery, usually a 
High Dependency Unit (HDU, level 2 care) bed, unless 
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mechanical ventilation or renal support is necessary, in 
which case an Intensive Care Unit (ICU, level 3 care) 
bed is required. 

It may be possible to manage patients who un- 
dergo major surgery but who are not considered as 
being at high risk in the Post-Anaesthesia Care Unit 
(PACU) for a few hours after surgery before return- 
ing to the surgical ward. Some surgical wards have an 
‘enhanced care’ area (level 1 care), in which patients 
can have an additional level of continuous monitor- 
ing, usually ECG, pulse oximetry and non-invasive 
blood pressure, as well as additional nursing sup- 
port to assist mobilization and physiotherapy. 


Monitoring on the General Ward 


General ward monitoring is normally restricted to stan- 
dard clinical observations, although some wards may be 
able to monitor central venous pressure (CVP) as well. 
The same principles of monitoring apply to both general 
ward patients and critical care patients in that the clini- 
cian is using the monitoring to detect organ dysfunction 
and decreased tissue perfusion at the earliest possible 
stage. The variables shown in Table 23.1 should be moni- 
tored routinely. These variables are usually combined into 
a scoring system known as a ‘patient at risk’ (PAR) score, 
or ‘early warning system’ (EWS) score. A particular PAR 
or EWS score value, or change in value, is pre-defined as 
a trigger point for nursing staff to summon medical as- 
sistance so that a potentially deteriorating patient can be 
identified early and appropriate treatment can be given, 
including transfer to critical care if indicated. 


Monitoring in the Critical Care Unit 


Critical care provides an environment in which the 
invasive monitoring used in the operating room can 
continue to be used safely after surgery. This applies 
particularly to the use of arterial cannulae, which 
should never be used on the general ward because an 
unobserved disconnection can lead to profound blood 
loss. Information gained from invasive monitoring in 
the postoperative critical care unit can be used to de- 
tect organ dysfunction at an early stage. 


Central Venous Catheter 


m Central venous pressure (CVP). This can be used to 
assess circulating volume status if the response to a 
carefully administered fluid challenge is observed. 
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TABLE 23.1 


Routine Observations for the High-Risk Surgical Patient 


POTENTIAL CAUSES OF ABNORMALITY 


Elevated 


Level of consciousness 
hypoxaemia. 


Agitation can be due to poor pain relief or 


Depressed 


Hypotension and poor cerebral perfusion 
Over-sedation from opiate analgesia (systemic or 
epidural) 


Cerebrovascular accident 


Heart rate Hypotension 
Arrhythmia 


Inadequate pain relief 


Heart block 
Drug effect - sedation, B-antagonist, ACEI 


Blood pressure Inadequate pain relief 


Omission of anti hypertensive medication 


Bleeding (until proven otherwise) 
Hypovolaemia (untreated) 

Sepsis 

Sympathetic blockade from epidural or spinal 


Respiratory rate 


Hypoxia from primary pulmonary 


complication, e.g. infection, atelectasis 


Metabolic acidosis from poor tissue perfusion 
from bleeding, hypovolaemia or sepsis 


Opiate overdose 


Urine output - 


m Central venous oxygen saturation (S_,,0,). Oxygen 
saturation of blood returning to the heart of less 
than 70% has been associated with an increased 
risk of complications. Decreased So, reflects 
decreased oxygen delivery and a consequent in- 
crease in oxygen extraction. 


Arterial Cannula 


m Adequacy of oxygenation and ventilatory func- 
tion through measurement of PaO, and PaCO.,,. 

= Assessment of pH and identification of causes of 
abnormalities, e.g. whether an acidosis is meta- 
bolic, respiratory or hyperchloraemic in origin. 

m Assessment of tissue perfusion using lactate 
and bicarbonate, with an elevated lactate, de- 
creased bicarbonate (‘base deficit’) and de- 
creased pH indicating that tissue perfusion is 
inadequate, and that treatment with fluids and 
possibly inotropic drugs may be required. 

m Cardiac output monitoring using a pulse contour 
analysis device. Using this technology, stroke vol- 
ume and cardiac output can be estimated in the 
awake patient without the need for pulmonary 
artery catheterization. Fluid challenges can be 


Less than 0.5 mLkg'h"! of ideal body weight 
suggestive of hypovolaemia 


given to increase stroke volume, and subsequent 
improvements in tissue perfusion can be assessed 
using base deficit, lactate or central venous oxy- 
gen saturation as described above. 


INOTROPIC SUPPORT FOR THE 
HIGH-RISK SURGICAL PATIENT 


Protocols which target an oxygen delivery value have 
usually incorporated the use of an inotropic agent to 
increase cardiac contractility if the oxygen delivery 
target has not been achieved with fluid loading alone. 
Adrenaline («,-, P,- and B,-agonist), dobutamine (B,- 
agonist) and dopexamine (B,-, DA,- agonist) have all 
been used in this context. 

There has been particular interest in the use of do- 
pexamine in this group of patients, as it has splanch- 
nic vasodilator and anti-inflammatory properties 
in addition to a mild inotropic activity. Early work 
suggested that dopexamine was associated with a 
reduction in complications after surgery, but more 
recent studies have shown that when fluid is given in 
a goal-directed manner, targeting either stroke vol- 
ume or stroke volume variation, the routine use of 
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dopexamine does not confer an additional significant 
clinical advantage. 

Some patients may require inotropic or vasocon- 
strictor support if, despite adequate fluid loading, they 
still have signs of inadequate tissue perfusion (large 
base deficit, increased lactate concentration, decreased 
central venous oxygen saturation, etc.). In these situ- 
ations, cardiac output monitoring should ideally be 
used to help guide treatment. 
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L ocal anaesthetic techniques are used for both 
operative anaesthesia and for postoperative analgesia. 
They are becoming more popular as a result of ad- 
vances in drugs, equipment and improved techniques 
of anatomical localization, including nerve stimula- 
tion and ultrasonic location. In addition, there is a 
greater appreciation of the need to improve postopera- 
tive pain control using techniques that not only reduce 
pain but have the ability to abolish it and potentially 
improve outcome. This chapter outlines the basic 
principles of patient management and the methods 
used in the performance of a variety of blocks which 
are commonly undertaken by the trainee anaesthetist. 
Regional techniques for obstetrics and dental surgery 
are described in other chapters. 


FEATURES OF LOCAL ANAESTHESIA 


Regional anaesthetic techniques may be used alone or 
in combination with sedation or general anaesthesia, 
depending on individual circumstances. Advantages of 
regional techniques include: 


= Avoidance of the adverse effects of general anaes- 
thesia. These may range from relatively minor 
postoperative nausea and vomiting, sore throat 
or myalgia to major issues such as respiratory 
impairment, awareness, airway complications 
or aspiration pneumonitis. In addition, the 
management of many patients with significant 
medical co-morbidity such as diabetes, obesity, 
or chronic pulmonary disease, can be improved 
or simplified. In elderly patients, acute periop- 
erative cognitive impairment may be limited by 
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reducing or avoiding psychoactive drugs and 
maintaining contact with their surroundings. 
Postoperative analgesia. Local anaesthetic tech- 
niques can be used to provide effective prolonged 
postoperative analgesia whilst avoiding the sys- 
temic effects of other analgesic drugs, especially 
opioids. This can be provided using long-acting 
agents or by utilizing continuous catheter tech- 
niques, either neuraxial or peripheral. Some 
patients may be distressed by the accompany- 
ing numbness and motor block, but adequate 
preoperative explanation should minimize this 
concern. In addition, it is important that both 
nursing staff and patient are aware of the risk of 
tissue damage to any blocked area whether from 
direct trauma or indirect pressure from poor po- 
sitioning or prolonged immobility. Simple tech- 
niques such as supporting the arm in a sling after 
brachial plexus block may help prevent injury 
and encourage earlier mobilization. 

Preservation of consciousness during surgery. The 
ability to assess neurological status continuously 
may be an advantage in patients with a head in- 
jury, diabetes or those undergoing carotid end- 
arterectomy. Patient positioning may be safer, 
more comfortable and damage to pressure areas 
or joints avoided if the patient is awake. Airway 
and neck manipulation can be avoided; this may 
be especially important in a patient with severe 
rheumatoid arthritis or an unstable cervical spine. 
The awake patient undergoing caesarean section 
under regional anaesthesia is able to protect her 
own airway and experience the birth of the child. 


m Sympathetic blockade and attenuation of the 
stress response to surgery. 

= Improved gastrointestinal motility and reduced 
nausea and vomiting. This can allow earlier feed- 
ing and more rapid mobilization and discharge. 

= Simplicity of administration. 


There are now several studies suggesting that the 
net effect of these features may lead to a reduction in 
the incidence of major postoperative respiratory com- 
plications, though claims of other pathophysiological 
benefits remain unproven. 

However, some patients may be unhappy at the 
prospect of being awake during surgery. In this situa- 
tion the combination of a regional block with target- 
controlled intravenous sedation or general anaesthesia 
may be valuable. Similarly, this combination works 
well for prolonged surgery, where patient positioning 
may be compromised by generalized discomfort or 
where operation at several sites is necessary. 


COMPLICATIONS OF LOCAL 
ANAESTHESIA 


The incidence of complications may be minimized by 
ensuring adequate supervision and training in local 
anaesthetic techniques and by exercising care in the 
performance of each block. Many anaesthetists recom- 
mend performing all blocks in the awake (or lightly 
sedated) patient. The advantages of this are: 


m It encourages careful, meticulous practice 

m It provides the anaesthetist with valuable infor- 
mation on block onset and efficacy 

m It alerts the anaesthetist to early complications 
such as inadvertent intravenous injection or in- 
traneural injection. 


Sufficient expertise and equipment must always 
be available to deal with potential complications. 
Complications common to many techniques are dis- 
cussed in this section; more specific problems are con- 
sidered later. 


Local Anaesthetic Toxicity 


LA toxicity usually results from accidental intravascu- 
lar injection, an excessive dose of local anaesthetic or 
faulty technique, particularly during performance of 
Bier’s block. 


COMPLICATIONS OF LOCAL ANAESTHESIA S515 


Clinical Features and Treatment 


The clinical features and treatment of LA toxicity are 
described in Chapter 4. 


Prevention 


The following precautions are useful to minimize the 
risk of LA toxicity: 


m slow injection of drug 

m meticulous and correct technique 

m careful, repeated aspiration using fractionated 

injections 

m the use of a test dose. 

Of these, the main safety measure is slow injection. 
This prevents rapid production of very high plasma 
concentrations even if the injection is intravascular. 
By this means, toxicity may be diagnosed early, the 
injection discontinued and a major reaction avoided. 
Rapid injection of local anaesthetic is not necessary for 
the performance of any block. The use of ultrasound- 
guidance to visualize local anaesthetic spread may be a 
useful addition to reduce intravascular injection with 
peripheral nerve block techniques. 


Test Dose 


This may be used before administration of the main dose 
of local anaesthetic drug. It is indicated particularly for 
epidural block, where it should be capable of demon- 
strating inadvertent intravenous (i.v.) or subarachnoid 
injection. A test dose of 4mL plain lidocaine 2% is suffi- 
cient to cause mild symptoms in most patients after acci- 
dental i.v. injection, and any features of local anaesthetic 
blockade 2min after injection are good evidence of ac- 
cidental subarachnoid block. No test dose is infallible; 
the most important factor in avoiding local anaesthetic 
toxicity is slow administration of the main dose. 


Hypotension 


There are several possible mechanisms by which a local 
anaesthetic technique may cause hypotension. The an- 
aesthetist must always remember that surgical factors 
may be responsible. 


Sympathetic Blockade 


A limited sympathetic block may be produced by pe- 
ripheral nerve anaesthesia, but only central blocks are 
likely to produce hypotension by this mechanism. 
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Total Spinal Blockade 


This occurs occasionally during subarachnoid block 
if excessive spread of local anaesthetic solution oc- 
curs, and is a recognized complication of epidural 
block if the dura has been penetrated (see below). 
Apnoea may occur if local anaesthetic solution 
reaches the cerebrospinal fluid (CSF) from perfo- 
ration of a dural cuff during interscalene brachial 
plexus block, or the ventricular system during retro- 
bulbar nerve block. 


Vasovagal Attack 


This is more likely to occur in an anxious patient 
with a rapidly ascending spinal block. Symptoms are 
pallor, nausea, and bradycardia associated with hy- 
potension. It can occur with the patient in the supine 
position and usually resolves rapidy if i.v. atropine 
0.3-0.6mg or ephedrine 5-6mg is administered. 
Cautious i.v. sedation (e.g. midazolam 1-2 mg) may 
be helpful. 


Anaphylactoid Reaction 


This is very rare with amide local anaesthetics. 


Local Anaesthetic Toxicity 
This is considered above and in Chapter 4. 


Motor Blockade 


To avoid unnecessary distress, patients must be warned 
of the possibility of limb weakness or paralysis which 
may persist for some time after operation. 


Pneumothorax 


This is a potential hazard of supraclavicular brachial 
plexus, intercostal and paravertebral blocks. Hence 
these techniques should not be performed as bilateral 
blocks or in outpatients. 


Urinary Retention 


This may follow the use of central neuraxial 
blocks. It is important to avoid overhydration, 
as bladder distension may require catheterization. 
The use of large volumes of crystalloid in the treat- 
ment of hypotension often has a very transient 
effect and predisposes patients to urinary reten- 
tion, or worse, pulmonary oedema, when the block 
regresses. 


Neurological Complications 


Carefully performed blocks rarely result in neurologi- 
cal complications. Risk factors include obesity, diabe- 
tes and the perioperative use of potent anticoagulants. 
The incidence of neurological complications resulting 
from central neuraxial blocks is likely to be less than 4 
per 10000 or 0.04%. 

Neuritis with persisting sensory changes and/or 
weakness may result from trauma to the nerve, intra- 
neural injection or bacterial, chemical or particulate 
contamination of the injected solution. Injection of 
the incorrect solution has caused some of the most 
severe neurological complications. To avoid this, all 
drugs must be checked personally and labelled by the 
anaesthetist immediately before injection. 

Anterior spinal artery syndrome may follow an epi- 
sode of prolonged, severe hypotension and results in 
painless permanent paraplegia. Adhesive arachnoiditis 
has been described after subarachnoid and epidural 
blockade and may lead to permanent pain, weakness 
and bladder or bowel dysfunction. It is suspected that 
this complication results from injection of the incor- 
rect solution. Haematoma or abscess formation in the 
spinal canal after subarachnoid or epidural anaesthesia 
results in weakness and sensory loss below the level of 
spinal cord compression. It is associated with intense 
back pain and is a neurosurgical emergency which de- 
mands immediate decompression to avoid permanent 
disability. 


Equipment Problems 


Needles are most likely to break at the junction with 
the hub and therefore should never be inserted fully. 
Catheters may also break, but exploratory surgery to 
find small pieces of catheter is inappropriate, as com- 
plications are very unlikely. 
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Patient Assessment and Selection 


Careful preoperative evaluation is as important before 
a local anaesthetic technique as it is before general 
anaesthesia, and the same principles of preoperative 
management apply. Therapy to improve the patient’s 
condition before surgery should be commenced if ap- 
propriate. It is inappropriate to proceed with surgery 
under local anaesthesia for the sake of convenience 


in the poorly prepared patient. A decision should be 
made on the need for immediate surgical intervention 
before the anaesthetic technique is chosen. 

The preoperative visit should be used to estab- 
lish rapport with the patient. A clear description of 
the proposed anaesthetic technique should be given 
in simple terms, but there is rarely a need for exces- 
sive detail. Patients require an explanation of the 
reasons for selecting a regional technique along with 
its advantages and potential disadvantages, but there 
should be no attempt at coercion to accept a particu- 
lar technique. 

Potential problems related to the intended block 
should be anticipated and sought. Anatomical defor- 
mities or pain affecting patient positioning may render 
some blocks impractical. A history of allergy to amide 
local anaesthetics is rare, but is an absolute contrain- 
dication, as is infection at the site of needle insertion. 
For most blocks, recent anticoagulant therapy and 
bleeding diatheses are also absolute contraindications, 
and the use of major blocks in patients with distant 
infection or receiving low molecular weight hepa- 
rin, rivaroxaban or potent anti-platelet drugs such as 
clopidogrel, requires careful consideration. The use of 
non-steroidal anti-inflammatory drugs is not generally 
considered to be a contraindication to neuraxial block 
unless combined with other anticoagulant agents. The 
decision to perform spinal or epidural anaesthesia and 
the timing of catheter removal in a patient receiving 
antithrombotic therapy should be made on an individ- 
ual basis, weighing the small, but definite risk of spinal 
haematoma against the benefits of regional anesthesia 
for a specific patient. The patient's coagulation status 
should be optimized at the time of spinal or epidural 
needle/catheter placement and indwelling catheters 
should not be removed in the presence of therapeu- 
tic anticoagulation because this seems to significantly 
increase the risk of spinal haematoma. Close moni- 
toring is vital to allow early evaluation of neurologi- 
cal dysfunction and allow prompt intervention where 
necessary. 

Sympathetic blockade with consequent vasodila- 
tation may lead to profound hypotension in patients 
with significant aortic or mitral stenosis because of the 
relatively fixed cardiac output. Hypovolaemia must be 
corrected before contemplating subarachnoid or epi- 
dural anaesthesia. 
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There is no evidence that neuromuscular disorders 
or multiple sclerosis are adversely affected by local an- 
aesthetic techniques, but most anaesthetists use regional 
anaesthesia in such patients only if there are obvious 
benefits to be gained; any perioperative deterioration 
in the neurological condition may be associated by the 
patient with the local anaesthetic procedure. Raised 
intracranial pressure is a contraindication to central 
neuraxial blockade but peripheral techniques may be 
considered. 


Selection of Technique 


Local anaesthetic drugs may be administered by: 


m single dose 
m intermittent bolus: 
m repeated injections 
= indwelling catheter for repeat administration 
m continuous infusion (with optional bolus doses) 
via a catheter. 


If regional anaesthesia has been selected primarily 
to provide analgesia during and after surgery under 
general anaesthesia, a more peripheral technique may 
be more appropriate to provide a more selective motor 
and sensory blockade with less functional impairment. 

Because a local anaesthetic technique renders only 
part of the body insensible, it is essential that the 
method employed is tailored to, and sufficient for, 
the planned surgery. Account must be taken of the 
duration of surgery, its site (which may be multiple, 
e.g. the need to obtain bone grafting material from the 
iliac crest) and the likelihood of a change of procedure 
in mid-operation. The problem of multiple sites of 
surgery may be met by one block which covers both 
sites, or by more than one regional anaesthetic proce- 
dure where indicated. The duration of anaesthesia may 
be tailored to the anticipated duration of surgery by 
selection of an appropriate local anaesthetic agent, or 
may require the use of a technique which allows fur- 
ther administration of drug. 


Premedication 


Manipulation of fractures and other short emergency 
procedures are often carried out using a local anaes- 
thetic technique in the unpremedicated patient, as 
rapid recovery is desirable. However, premedication is 
helpful before inpatient elective or emergency surgery. 
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An oral benzodiazepine allays anxiety, but an opioid 
(e.g. morphine) alleviates the discomfort of prolonged 
immobility which may be required during a long pro- 
cedure. Preoperative analgesia may be required before 
definitive surgical fixation. A nerve block may be use- 
ful in these circumstances, e.g. a femoral block may be 
performed in the Emergency Department to allevi- 
ate the pain from a fractured femoral shaft. Patients 
should be fasted for all but the most minor peripheral 
nerve blocks. 


Timing 

It is essential that sufficient time is allowed to perform 
the block without undue haste on the part of the an- 
aesthetist. This is largely a matter of organization and 
the experienced practitioner seldom causes delay to an 
operating list. Any preoperative delay is compensated 
for by the ability to return the patient to bed immedi- 
ately after completion of surgery. 


Resuscitation Equipment 


A full range of resuscitation equipment must be im- 
mediately available and in working order whenever a 
local anaesthetic technique is used. This includes: 


m an anaesthetic breathing system through which 
oxygen may be administered under pressure via a 
face mask or tracheal tube 

m a laryngoscope with two sizes of blade, a range of 
tracheal tubes and an introducer 

m a table which may be rapidly tilted head-down 


il 


FIGURE 24.1 
bevelled, insulated short-bevelled and insulated Tuohy needles. 


suction apparatus 

intravenous cannulae and fluids 

thiopental or propofol to control convulsions 
drugs to treat bradycardia or hypotension, espe- 
cially atropine, ephedrine and metaraminol or 
phenylephrine 

m lipid emulsion 20% for treating serious systemic 
toxicity (see Ch 4). 


An intravenous cannula must be sited before any 
local anaesthetic block is performed, in case emer- 
gency therapy is required. 


Regional Block Equipment 


Regional anaesthesia may be used with basic equip- 
ment, but some special items increase the success rate 
and reduce the risk of complications. 


Needles 


The use of very fine spinal needles (26G) has signifi- 
cantly reduced the incidence of post-spinal headache 
as has the use of pencil-point 25G Whitacre and 24G 
Sprotte needles (Fig. 24.1A). The 27G Whitacre nee- 
dles appear to be associated with the lowest incidence 
of post-spinal headache but confident and successful 
use of these needles requires greater expertise than is 
needed for the use of larger needles. For peripheral 
blocks, short-bevelled needles allow greater tactile 
appreciation of fascial planes and appear to reduce 
the likelihood of nerve damage. A variety of insu- 
lated needles are available for plexus and peripheral 


B 


(A) Left to right: Quincke, Whitacre, Sprotte and Spinocath needles. (B) Left to right: standard-bevelled, short- 


nerve blockade using a nerve stimulator (Fig. 24.1B). 
Ultrasound needle visibility may be improved by us- 
ing echogenic needles which have ‘corner stone’ reflec- 
tors positioned at the distal end of the cannula shaft 
(Fig. 24.11C). 

A recent patient safety initiative aimed at reducing 
drug administration errors, has recommended the de- 
velopment and evaluation of spinal needles and cath- 
eter infusion systems with non-Luer connectors that 
cannot therefore attach to intravenous equipment or 
standard syringes. This should help prevent wrong 
route intrathecal injection and stop the accidental in- 
travenous administration of drugs intended for epi- 
dural or regional block. 


Immobile Needle Technique 


For plexus and major nerve blocks, local anaesthetic 
drug is drawn into labelled syringes and connected to 
the block needle by a short length of tubing (Fig. 24.2). 
This allows the anaesthetist to hold the needle steady 
while aspiration tests are performed and syringes 
changed. The system must be primed to prevent air 
embolism and also to avoid image artefact when using 
ultrasound-guidance. 


Catheters 


Continuous administration of local anaesthetic drugs 
has been made possible by the development of high- 
quality catheters, which are introduced through a 
needle (or occasionally over a needle; Fig 24.1A) and 


FIGURE 24.2 


Nerve stimulator and insulated stimulating 
needle attached to syringe. 
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may be left in position for hours or even days. Careful 
fixation is essential to maintain the position of the 
catheter in the postoperative period. Catheters, in par- 
ticular spinal (subarachnoid) catheters, should be la- 
belled clearly to prevent accidental overdosage. 


Nerve Stimulators 


Few anaesthetists now aim to deliberately elicit par- 
aesthesiae when performing a major nerve block; 
many still use the nerve stimulator (Fig. 24.2) but an 
increasing number now use ultrasound-guidance. It 
is important to explain to the patient the sensation 
elicited by nerve stimulation. It causes little discom- 
fort unless the contracting muscle crosses a fracture 
site, when duration of stimulation should be kept to 
the absolute minimum necessary to confirm needle 
position. The incidence of paraesthesia with short- 
bevelled insulated needles is very low because of their 
ability to stimulate without direct neural contact. 
They are also more likely to displace nerves rather 
than penetrate them. 

Stimulators that deliver a constant current and give 
a digital display of the current used are readily avail- 
able. One lead is attached to an electrocardiogram 
(ECG) electrode on the patient’s skin, and the other to 
the needle. After skin puncture, the stimulator is set to 
a frequency of 1 Hz and an initial current of 1-2 mA. 
Most stimulators have a visual display to confirm a 
complete circuit when needle touches patient. If this 
fails, connections should be checked or the ECG elec- 
trode replaced. Failure to confirm a complete circuit 
could result in unwanted paraesthesiae or potential 
nerve injury from repeated needling. 

As the nerve is approached, motor fibre stimulation 
causes muscle contraction in the appropriate distribu- 
tion. The current is reduced until maximal contraction 
is still present at a current of, optimally, around 0.5 mA. 
At this point, a gentle aspiration test is performed and 
2mL of local anaesthetic solution slowly injected. 
Muscle contraction should cease immediately due to 
nerve displacement. If it does not, and an insulated 
needle is being used, the tip may have moved, be be- 
yond the nerve or placed intravascularly; gentle aspira- 
tion should be repeated, the needle withdrawn slightly 
and the procedure repeated. Severe pain on injection 
suggests intraneural injection, in which case the needle 
should be repositioned. When the correct position has 
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been found, the remainder of the anaesthetic solution 
should be injected slowly with repeated aspiration 
tests. Performance of the block in the awake patient 
allows better assessment of early intravascular toxicity 
and intraneural injection in addition to encouraging 
gentle and careful technique. 


Ultrasound 


The most significant recent change in the practice of 
regional anaesthesia has been the introduction of ul- 
trasound guidance. A variety of high quality scanners 
and probes are now available and vast improvements 
in image quality have contributed greatly to advances 
with these techniques. The ultrasound transducer 
functions as both a transmitter and receiver with the 
beam reflected, refracted and scattered after it encoun- 
ters structures of different acoustic impedance, re- 
turning to the transducer to produce the target image. 
Production of a clear target image as well as location 
and safe needle guidance in real time, requires sound 
cross-sectional anatomical knowledge along with ex- 
cellent technical skills, which develop only following 
adequate training and repetitive hands-on practice. 
Transducers can be either linear or curved array, with 
higher frequency probes (8—12 MHz) generally used to 
produce superficial images of high resolution, such as 
would be required for interscalene or axillary block. 
Lower frequency probes (4—7 MHz) provide improved 
penetration to visualize deeper structures but with 
reduced resolution. Using the curved array probe for 
deeper blocks will provide a broader field of view for 
appreciation of surrounding anatomical structures 
and landmarks, for example during performance of a 
subgluteal sciatic block or an infraclavicular brachial 
plexus block. Most nerves exhibit a distinctive ‘honey- 
comb’ appearance on scanning, a combination of 
nerve fascicles and connective tissue, which varies in 
appearance depending on the individual nerve, its lo- 
cation and the angle of incidence of the probe. More 
proximal nerve roots, such as with interscalene imag- 
ing, tend to appear hypoechoic or dark, due to reduced 
amounts of connective tissue compared with the axilla 
and peripherally. As well as visualizing the target nerve 
structures, ultrasound guidance is useful to identify 
other important structures such as blood vessels and 
pleura in order to avoid complications and also al- 
lows visualization of local anaesthetic spread. Needle 


advancement can be tracked in real time, allowing 
subtle adjustment of needle position to ensure optimal 
local anaesthetic distribution. 


Asepsis 

A ‘no-touch’ technique is essential. Drapes should be 
used for all major blocks and gloves and gown should 
be worn by the novice. Gown, gloves, hat and mask are 
recommended for all central blocks even with a ‘no- 
touch’ technique, especially when a catheter is inserted 
either centrally or peripherally. Taking precautions 
seriously fosters good practice. For all ultrasound- 
guided blocks a sterile field should always be prepared 
using antiseptic solution and the probe covered with 
a sterile sheath or adhesive dressing before commenc- 
ing the block. It is vitally important to cover the skin 
with sterile conductivity gel to remove the air-skin in- 
terfaces and allow good ultrasound wave penetration. 


Monitoring 


It is essential that the anaesthetist remains with the pa- 
tient throughout the operative procedure. Monitoring 
equipment should be appropriate to the anaesthetic 
technique and surgical procedure, with a minimum of 
ECG, non-invasive blood pressure and pulse oximetry. 


Supplementary Techniques 


A local anaesthetic may be the only drug adminis- 
tered to the patient, or it may form part of a balanced 
anaesthetic technique. During surgery, patients may 
be awake, or sedated by iv. or inhalational means. 
Intermittent boluses of midazolam, or target-controlled 
infusion of propofol are commonly used. General 
anaesthesia may be used as a planned part of the 
procedure. A combination of regional and general 
anaesthesia may be useful to obtain advantages from 
both, particularly for prolonged procedures or where 
positioning is difficult because of additional trauma or 
significant arthritis. 

When a surgical tourniquet is used, the chosen 
block must extend to the tourniquet site unless the 
procedure is brief. Discomfort from prolonged immo- 
bility on a hard table is relieved by the administration 
of an opioid either as a premedicant or i.v. during sur- 
gery. This type of discomfort is not relieved by sedative 
drugs, which often result in the patient becoming agi- 
tated, confused and uncooperative. An i.v. infusion of 


remifentanil is being used increasingly for this purpose 
although this technique is not for the beginner and re- 
quires careful respiratory monitoring, preferably by 
continuous nasal capnography in addition to pulse 
oximetry. 


After-Care 


Clear instructions should be given to the nurses caring 
for the patient. 

After day-case surgery, the patient must be in a safe 
condition at the time of discharge. Plexus blockade 
with a long-acting agent is inappropriate because of 
the risk of the patient injuring the anaesthetized limb, 
but is suitable for postoperative pain relief in super- 
vised inpatients following major surgery, particularly 
when the limb is immobilized or conversely when 
continuous passive mobilization is required. Patients 
who have received central nerve blockade should have 
routine nursing observations at least until the block 
has worn off. 

Continuous infusion techniques are suitable for 
use only by experienced anaesthetists. When used 
correctly, administration by infusion is safer than 
repeated bolus injection of drug, but regular obser- 
vations are essential and the nursing staff must have 
an adequate level of knowledge to appreciate possi- 
ble complications. An anaesthetist must be available 
within the hospital at all times. 


INTRAVENOUS REGIONAL 
ANAESTHESIA 


Ideally, intravenous regional anaesthesia (IVRA) 
(Bier’s block) should be the first local anaesthetic tech- 
nique learnt by a trainee, because its technical simplic- 
ity allows the trainee to concentrate on acquiring the 
skills of patient management. In practice, however, this 
technique is being used increasingly by Emergency 
Department staff and less frequently by anaesthetists, 
who often prefer to block the brachial plexus. Bier’s 
block is simple, safe and effective when performed 
correctly using an appropriate drug in correct dos- 
age. Deaths from IVRA have resulted from incorrect 
selection of drug and dosage, incorrect technique and 
the performance of the block by personnel unable to 
treat toxic reactions. The drug involved in these deaths, 
bupivacaine, was not the most suitable agent and is 
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now contraindicated. The lessons to be learned from 
these deaths are applicable to all local anaesthetic tech- 
niques, and emphasize that expert guidance is essential 
even when learning the most basic blocks. 


Indications 


Intravenous regional anaesthesia is suitable for short 
procedures when postoperative pain is not marked, 
e.g. manipulation of Colles’ fracture or carpal tunnel 
decompression. Recovery is rapid, and the technique 
is appropriate for outpatient surgery. Premedication 
may delay patient discharge and a reassuring visit pre- 
operatively from the anaesthetist is usually sufficient in 
these circumstances. 


Method 


Intravenous regional anaesthesia involves isolating an 
exsanguinated limb from the general circulation by 
means of an arterial tourniquet and then injecting lo- 
cal anaesthetic solution intravenously. Analgesia and 
weakness occur rapidly and result predominantly from 
local anaesthetic action on peripheral nerve endings. 

An orthopaedic tourniquet of the correct size is ap- 
plied over padding on the upper arm. All connections 
must lock, and the pressure gauge should be calibrated 
regularly. An intravenous cannula is sited in the con- 
tralateral arm in case administration of emergency 
drugs is required. An indwelling cannula is inserted 
into a vein of the limb to be anaesthetized. A vein on 
the dorsum of the hand is preferred; injection into 
proximal veins reduces the quality of the block and in- 
creases the risk of toxicity. Exsanguination by means of 
an Esmarch bandage improves the quality of the block 
and increases the safety of the technique by reducing 
the venous pressure developed during injection. In pa- 
tients with a painful lesion (e.g. Colles’ fracture), el- 
evation combined with brachial artery compression is 
adequate. The tourniquet should be inflated to a pres- 
sure 100 mmHg above systolic arterial pressure. 

In an adult, 40mL prilocaine 0.5% is injected 
over 2min with careful observation that the tourni- 
quet remains inflated. Analgesia is complete within 
10 min, but it is important to inform the patient that 
the feeling of touch is often retained at this time. The 
anaesthetist must be ready to deal with toxicity or 
tourniquet pain throughout the surgical procedure. 
The tourniquet should not be released until at least 
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20min after injection, even if surgery is completed. 
This delay allows for diffusion of drug into the tis- 
sues so that plasma concentrations do not reach toxic 
levels after release of the tourniquet. The technique of 
repeated reinflation and deflation of the cuff during 
release has little effect on plasma concentrations and 
is not necessary. 


Tourniquet Pain 


This may be troublesome if the cuff remains inflated 
for longer than 30—40 min. It is sometimes alleviated 
by inflating a separate tourniquet below the first on an 
area already rendered analgesic by the block; the first 
cuff is then deflated. Failing this, general anaesthesia is 
preferable to administration of large and often ineffec- 
tive doses of opioids and sedatives. 


Choice of Drug 


The agent of choice for this procedure is prilocaine 
0.5% plain. It has an impressive safety record with no 
major reactions reported after its use, although minor 
side-effects such as transient light-headedness after re- 
lease of the tourniquet are not uncommon. Prilocaine 
has distinct pharmacokinetic advantages for IVRA and 
does not cause methaemoglobinaemia in the doses 
used for IVRA. 


Lower Limb 


Intravenous regional anaesthesia of the foot may be 
produced using the same dose of prilocaine and a calf 
tourniquet positioned carefully at least 10cm below 
the tibial tuberosity to avoid compression of the com- 
mon peroneal nerve on the fibular neck. 


CENTRAL NERVE BLOCKS 


Spinal anaesthesia is a term that may be used to de- 
note all forms of central nerve blockade, although it 
usually refers to intrathecal administration of LA. The 
term subarachnoid block (SAB) avoids ambiguity. The 
technique of SAB is basically that of lumbar puncture, 
but knowledge of factors which affect the extent and 
duration of anaesthesia, and experience in patient 
management are essential. Epidural nerve block may 
be performed in the sacral (caudal block), lumbar, tho- 
racic or cervical regions, although lumbar block is used 
most commonly. Local anaesthetic solution is injected 


through a needle after the tip has been introduced into 
the epidural space, or may be injected through a cath- 
eter placed in the space. 


Physiological Effects of Subarachnoid 
Block 


Differential Nerve Blockade 


Local anaesthetic solution injected into the CSF 
spreads away from the site of injection and the con- 
centration of the solution decreases as mixing occurs. 
A differential blockade of fibres occurs because small 
fibres are blocked by weaker concentrations of local 
anaesthetic solution. Sympathetic B fibres are blocked 
to a level approximately two segments higher than 
the upper segmental level of sensory blockade. Motor 
blockade may be several segments caudal to the upper 
level of sensory block. A sensory level to T3 with SAB 
may be associated with total blockade of the T1-L2 
sympathetic outflow. 


Respiratory System 


Low SAB has no effect on the respiratory system and 
the technique is an important part of the anaesthetist’s 
armamentarium for patients with severe respiratory 
disease. However, motor blockade extending to the 
roots of the phrenic nerves (C3—5) causes apnoea and 
blocks which reach the thoracic level cause loss of in- 
tercostal muscle activity. This has little effect on tidal 
volume (because of diaphragmatic compensation), 
but there is a marked decrease in vital capacity result- 
ing from a significant decrease in expiratory reserve 
volume. The patient may experience dyspnoea, and 
difficulty in taking a maximal inspiration or in cough- 
ing effectively. A thoracic block may lead to a reduction 
in cardiac output and increased ventilation/perfusion 
imbalance, resulting in a decrease in arterial oxygen 
tension (PaO,). Awake patients with a high spinal block 
should always be given oxygen-enriched air to breathe. 


Cardiovascular System 


The cardiovascular effects are proportional to the 
height of the block and result from denervation of 
the sympathetic outflow tracts (T1-L2). This pro- 
duces dilatation of resistance and capacitance vessels 
and results in hypotension. In awake patients, vaso- 
constriction above the height of the block may com- 
pensate almost completely for these changes, thereby 


maintaining arterial pressure, but general anaesthetic 
agents may reduce this compensatory response, with 
consequent profound hypotension. Hypotension is ex- 
acerbated by: 


m the use of head-up posture 

m any degree of hypovolaemia — pre-existing or in- 
duced by surgery 

m administration of sedatives, opioids or especially 
induction agents which should be given in greatly 
reduced dosage 

m positive pressure ventilation. 


Prevention of Hypotension 


Both the incidence and the degree of hypotension are 
reduced by limiting the height of the block and, in par- 
ticular, by keeping it below the sympathetic supply to 
the heart (T1-4). 

It is common practice to attempt to minimize hy- 
potension during SAB or epidural anaesthesia by pre- 
loading the patient with 500-1000 mL of crystalloid 
solution i.v. before or during the performance of the 
block. These volumes are usually ineffective even in 
the short term, may risk causing pulmonary oedema 
in susceptible individuals either during the procedure 
or when the block wears off, and may lead to postop- 
erative urinary retention. Appropriate fluid should be 
given to replace blood and fluid losses and prevent 
dehydration. 

Bradycardia may occur because of: 


™ neurogenic factors, particularly in awake pa- 
tients, i.e. vasovagal syndrome 

m paradoxical Bezold-Jarisch reflex; decreased ve- 
nous return and heightened sympathetic tone 
leads to forceful contraction of a near empty left 
ventricle, with consequent parasympathetically 
mediated arterial vasodilatation and bradycardia 

m block of the cardiac sympathetic fibres (T1-4). 


Careful patient positioning, maintenance of a nor- 
mal circulating volume and the use of pharmacologi- 
cal agents (see later), if required, should minimize the 
incidence of hypotension. 

SAB has no direct effect on the liver or kidneys, but 
reductions in hepatic and renal blood flow occur in the 
presence of hypotension and reduced cardiac output 
associated with high spinal blocks. 
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Gastrointestinal System 


The vagus nerve supplies parasympathetic fibres to the 
whole of the gut as far as the transverse colon. Spinal 
blockade causes sympathetic denervation (propor- 
tional to height of block), and unopposed parasympa- 
thetic action leads to a constricted gut with increased 
peristaltic activity. This is regarded by some as advan- 
tageous for surgery. 

Nausea, retching or vomiting may occur in the 
awake patient and are often the first symptoms of 
impending or established hypotension. If nausea or 
retching occurs, the anaesthetist must assess arterial 
pressure and heart rate immediately and take appro- 
priate measures. 


Physiological Effects of Epidural Block 


The physiological effects of epidural blockade are simi- 
lar to those following SAB, but may develop more slowly. 
Additional effects may occur from the much larger vol- 
umes of anaesthetic solutions used, as there may be ap- 
preciable systemic absorption of local anaesthetic and 
adrenaline if an adrenaline-containing solution is used. 


Indications for Subarachnoid Block 


Blockade is produced more consistently and with a 
lower dose of drug by the subarachnoid route than 
by epidural injection. Duration of analgesia is usually 
limited to 2-4h depending on surgical site and may 
be prolonged by catheter techniques. Catheter tech- 
niques may also be used to establish block height more 
carefully in more compromised patients. SAB is most 
suited to surgery below the umbilicus and in this situ- 
ation the patient may remain awake. Surgery above the 
umbilicus using SAB is less appropriate and would 
necessitate addition of a general anaesthetic, in order 
to abolish the unpleasant sensations from visceral ma- 
nipulation resulting from afferent impulses transmit- 
ted by the vagus nerves. 


Types of Surgery 

Urology. Subarachnoid block is commonly employed 
for urological procedures such as transurethral prosta- 
tectomy, but it should be remembered that a block to 
T10 is required for surgery involving bladder disten- 
sion. Perineal and penile operations may also be car- 
ried out using a low ‘saddle block’ peripheral blockade 
or caudal anaesthesia. 
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Gynaecology. Minor procedures such as dilatation 
and curettage may be performed reliably with a block 
to T10. Pelvic floor surgery and vaginal hysterectomy 
may also be carried out readily with an SAB extending 
to T6, but for procedures requiring laparoscopic assis- 
tance, general anaesthesia is usually necessary. 


Obstetrics. The widespread introduction of the pencil- 
point spinal needle with a reduction in the incidence 
of post-lumbar-puncture headache has led to the 
common use of SAB in obstetric practice to the extent 
that this is considered the technique of choice for the 
majority of elective caesarean sections and a large pro- 
portion of emergency ones. SAB may also be used for 
evacuation of retained products of conception, avoid- 
ing the risks of general anaesthesia. Further details of 
obstetric practice are discussed in Chapter 35. 


Any Surgical Procedure on the Lower Limbs or 
Perineum. For patients with the following medical prob- 
lems, low SAB may be the anaesthetic technique of choice: 

Metabolic disease. Diabetes mellitus. 

Respiratory disease. Low SAB has no effect on ven- 
tilation and obviates the requirement for anaesthetic 
drugs with depressant properties and instrumentation 
of the airway. There is some evidence that SAB may 
reduce the incidence of chest infection and atelectasis 
as well as improving postoperative oxygenation. 

Cardiovascular disease. Low SAB may be valuable 
in patients with ischaemic heart disease or congestive 
cardiac failure, in whom a small reduction in preload 
and afterload may be beneficial. SAB is effective in 
preventing cardiovascular responses to surgery (e.g. 
hypertension, tachycardia) which are undesirable, par- 
ticularly in patients with ischaemic heart disease. 

Pain management. SAB allows the simultaneous ad- 
ministration of intrathecal opioids. Preservative-free 
morphine 0.1 mg provides optimal postoperative anal- 
gesia of long duration for total hip arthroplasty. There 
is minimal risk of serious side effects such as respira- 
tory depression but nausea and urinary retention are 
not uncommon. These patients should be adequately 
monitored in the postoperative period. 


Indications for Epidural Blockade 


The indications for epidural anaesthesia are wide- 
spread, because it is an extremely versatile technique 


which may be tailored to suit a variety of situations. 
The duration of analgesia may be prolonged as nec- 
essary by means of an indwelling catheter and the 
use of intermittent top-ups or a continuous infusion. 
Bupivacaine, levobupivacaine or ropivacaine are the 
drugs of choice when one of these continuous tech- 
niques is used. Their pharmacokinetic properties are 
such that, with the doses necessary to maintain ade- 
quate blockade, systemic accumulation of drug is slow 
and the risk of systemic toxicity is low. Ropivacaine 
and levobupivacaine are considered to be safer alterna- 
tives to racemic bupivacaine, particularly with regard 
to cardiotoxicity after inadvertent intravenous admin- 
istration. Either local anaesthetic drugs or opioids, or 
frequently a combination of both, may be used for epi- 
dural analgesia. Opioids are most suited for postopera- 
tive analgesia and are inadequate alone for surgery in 
most circumstances. Almost all opioids have been tried 
by the epidural route with success but diamorphine or 
fentanyl are the most common additives in the UK. 
Clonidine combined with local anaesthetic has also 
been used successfully. 


Contraindications to Subarachnoid Block 
and Epidural Anaesthesia 


Most contraindications are relative, but the following 
are best regarded by the trainee as absolute: 


bleeding diathesis 

hypovolaemia 

sepsis — local or systemic 

severe stenotic valvular heart disease and in par- 

ticular aortic stenosis — the patient may be un- 

able to compensate for vasodilatation because of 

a fixed cardiac output 

m pre-eclamptic toxaemia — epidural block is used 
with great benefit in this condition but a platelet 
count <100x 10° L usually precludes epidural or 
subarachnoid anaesthesia 

m acute neurological diseases/raised intracranial 
pressure 

m lack of patient consent. 


Performance of Subarachnoid Block 
Intravenous Access 


Intravenous access must be secured before lumbar 
puncture is performed. 


Positioning the Patient 


Lumbar puncture for SAB may be performed with 
the patient sitting or in the lateral decubitus position 
(Table 24.1, Fig. 24.3). If it is anticipated that lum- 
bar puncture may be difficult, the midline is usu- 
ally more discernible with the patient in the sitting 
position, but the risk of hypotension in the sedated 
patient or following development of the block is in- 
creased. The technique of lumbar puncture for the 
patient in the lateral position is described in the next 
section. 


Technique of Lumbar Puncture 


For the right-handed anaesthetist, the patient is po- 
sitioned on the operating table in the left lateral 
position. The patient’s back should lie along the edge of 
the table and must be vertical. A curled position opens 
the spaces between the lumbar spinous processes. An 
assistant stands in front of the patient to assist with po- 
sitioning and to reassure the patient. The anaesthetist 
must inform the patient before performing each part 
of the procedure. 

A line between the iliac crests lies on the fourth 
lumbar spinous process; lumbar puncture should 
be performed at the L3/4 or L4/5 space. A full ster- 
ile technique (with gown, gloves and surgical drapes) 
is adopted. All drugs should be drawn into syringes 
directly from sterile ampoules using a filter needle 
to prevent the injection of glass particles into the 
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subarachnoid space. A selection of spinal needles (22— 
27 gauge) should be available. 

The skin and subcutaneous tissues are infiltrated 
with local anaesthetic using a small needle. The spinal 
needle is inserted in the midline, midway between two 
spinous processes. In the well-positioned patient, the 
needle is directed at right angles to the skin. Passage 
through the interspinous ligament and ligamentum 
flavum into the spinal canal is appreciated easily with 
a 22-gauge needle (Fig. 24.4A), but these needles are 
now rarely used because of the high incidence of post- 
dural puncture headache. With some practice, these 
structures are usually discernible with a 25G or 27G 
pencil-point needle, which all anaesthetists should as- 
pire to use. The use of an introducer (19-gauge needle) 
is advisable to brace the smaller needles, which are 
very flexible. When the needle tip has entered the spi- 
nal canal, the stilette is withdrawn from the needle and 
the hub is observed for flow of CSF; a needle with a 
transparent hub makes this easier. A gentle aspiration 
test should be performed if a free flow of CSF is not 
observed, or the needle carefully rotated through 90°. 

The three most common reasons for difficulty are 
poor patient positioning, failure to insert the nee- 
dle in the midline and directing the needle laterally 
(Fig. 24.4B). This last fault is seen most easily from one 
side and is usually apparent to onlookers, but not to 
the anaesthetist, who looks only along the line of the 
needle. 


TABLE 24.1 


Techniques of Subarachnoid Block 


Type of Block Upper Level of Analgesia Position During Lumbar Puncture Volume of Solution 

Saddle block S1 Sitting 5 min 1 mL hyperbaric 
solution 

Low thoracic 710-12 Sitting/lateral decubitus 3-4 mL isobaric 
solution* 

Mid thoracic T4-6 Lateral decubitus/sitting (immediately 2-3 mL hyperbaric 


supine) 


solution 


Unilateral: A unilateral block, or at least a differential block between limbs, may be achieved by the slow injection of small volumes 


(1-1.5 mL) of hyperbaric solution in the lateral position. This position then has to be maintained for at least 15 min to 


minimize spread. On return to the supine position there may still be some contralateral spread and the necessity for 
smaller volumes and dosage may increase block failure rate. 


*Plain bupivacaine is slightly hypobaric at body temperature and although it usually results in a low thoracic block, it may occasionally be 


unpredictable. 
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FIGURE 24.3 


When CSF is obtained, the syringe containing the 
local anaesthetic solution should be carefully attached 
firmly to the needle, taking care not to displace the 
needle. Gentle aspiration confirms the needle posi- 
tion and the solution is injected at a rate of 1 mL ev- 
ery 5-10s. Aspiration after injection confirms that the 
needle tip has remained in the correct place. Needle 
and introducer are withdrawn together and the patient 
placed supine. 


Factors Affecting Spread 


The most important factor which affects the height of 
block in SAB (Table 24.2) is the baricity of the solu- 
tion, which may be made hyperbaric (i.e. denser than 
CSF) by the addition of glucose. The specific gravity 
(SG) of CSF is 1.004. The addition of glucose 5% or 
6% to a local anaesthetic produces a solution with SG 
of 1.024 or greater. A patient who assumes the sitting 
position for 5min after injection of 1mL of hyper- 
baric solution develops a saddle block which affects 
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Spinal curvature. (A) Supine position. (B) Lateral position. (C) Sitting position. 


the perineum only. Conversely, a patient placed supine 
immediately after injection of 2-3 mL develops a block 
to the mid-thoracic region. Slightly larger volumes are 
advisable to ensure spread above the lumbar curvature 
(see Fig. 24.3). 

Within the range normally used for SAB (2—4 mL), 
the volume of solution has only a minor effect on 
spread. Obesity, pregnancy and a high site of injec- 
tion are minor factors which increase the height of 
the block; lower volumes may be desirable in these 
situations. Barbotage and rapid injection may pro- 
duce high blocks, but increase the unpredictability of 
spread. 


Factors Affecting Duration 


The duration of anaesthesia depends on the drug used 
and the dose of drug injected. Vasoconstrictors added 
to the local anaesthetic solution significantly increase 
the duration of action of tetracaine, which is widely 
used in the USA, but this is not so for other agents. 
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FIGURE 24.4 = Midline approach for subarachnoid block. (A) Correctly angled. (B) Incorrectly angled. 
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TABLE 24.2 


Factors Influencing Spread of Hyperbaric Spinal Solutions 


Factor Effect 


Position of patient 


Spinal curvature 


Sitting position produces perineal block only, provided that small volumes are used 


With standard volumes (2-3 mL) the block often spreads to T4. With small volumes (1 mL) the block 


may affect only the perineum even when the patient is placed supine immediately 


Dose of drug 


Within the range of volumes usually employed (2-4 mL), increasing the dose of drug increases the 


duration of anaesthesia rather than the height of the block 


Interspace Minor factor affecting height of block 


Obesity 


Minor factor affecting height of block. Obese patients tend to develop higher blocks 


Speed of injection 


Rapid injection makes the height of block more variable 


Barbotage 


Agents 


Four agents are currently available for SAB in the UK: 
plain bupivacaine, heavy bupivacaine, plain levobu- 
pivacaine and the recently introduced formulation 
of hyperbaric prilocaine. Ropivacaine is currently 
undergoing evaluation and seems to have a shorter 
duration of action compared with both racemic bupi- 
vacaine and levobupivacaine. Plain bupivacaine 0.5% 
is slightly hypobaric at body temperature and spread 
tends to be more unpredictable, although it does tend 
to produce a lower maximal block height when used 
in the lateral position, making it a popular choice for 
lower limb orthopaedic and vascular surgery. It is used 
in volumes of 3-4mL and lasts 2-3h. Hyperbaric 
bupivacaine 0.5% is more predictable for abdominal 
procedures and consistently produces a block to the 
umbilicus (and usually to T5) in supine patients. As 
with all hyperbaric solutions, hypotension is encoun- 
tered more frequently because of higher levels of sym- 
pathetic blockade. Volumes of 2-3 mL are used and a 
duration of 2—3h is usually assured. Hyperbaric prilo- 
caine 2% has a duration of action of 100-130 minutes 
and is now available for use in ambulatory surgery. A 
volume of 2—3mL can be used for surgical procedures 
anticipated to last up to 1 hour, allowing mobilization 
at around 4 hours after injection. 


Complications 


Acute. Hypotension. Significant hypotension is com- 
mon with SAB and should be anticipated. Changes in 
position, e.g. turning the patient from the supine to 
the prone position, may result in a sudden increase in 


No longer used. Makes the height of block more variable 


TABLE 24.3 


Management of Hypotension 


5° head-down tilt 


Maintain blood volume 


Heart rate: 
<60 beats min“ 
60-80 beats min“ 
>80 beats min” 


Atropine 0.3 mg 
Ephedrine 3 mg 


Metaraminol 0.5 mg 


the height of block, with consequent extension of sym- 
pathetic blockade. This may occur even after 15-20 min. 
Treatment (Table 24.3) may not be necessary; moder- 
ate hypotension may help to reduce operative blood 
loss and is tolerated well by most patients. Severe or 
unwanted hypotension may be treated by i.v. fluids 
or drugs. The use of large volumes of crystalloid or 
colloid in this situation is not recommended, as uri- 
nary retention may occur postoperatively or circula- 
tory overload may result when the block wears off. 
However, it is essential that operative blood losses are 
replaced promptly, and when blood losses are expected 
(e.g. caesarean section) it is wise to administer fluid 
in advance of the loss. Hypotension is associated com- 
monly with bradycardia, and ephedrine 5-6 mg i.v. 
is the most appropriate treatment. Atropine may be 
useful, but sympathomimetic drugs are usually more 
effective than vagolytics. 

Oversedation. This may occur when sedative drugs 
have been administered before performance of SAB. 
When the block is established, the previously satisfac- 
tory level of sedation may become excessive, with the 


attendant risks of respiratory obstruction or aspira- 
tion. Some reports of cardiac arrest associated with 
SAB may be related to hypoxaemia produced in this 
manner. 


Postoperative. Headache. This is more common in 
young adults and particularly in obstetric patients. 
It may present up to 2-7 days after lumbar puncture, 
and may persist for up to 6 weeks. Characteristically it 
is worse on sitting, occipital in distribution and very 
disabling. The incidence is reduced by using small- 
gauge or pencil-point needles and may be reduced 
by aligning the bevel of the needle to penetrate the 
dura in a sagittal plane. Simple analgesics may be the 
only treatment required, but occasionally an epidural 
blood patch is necessary. The incidence of post-spinal 
headache is not reduced by keeping the patient supine 
for 24 h; the patient should remain supine only until 
the anaesthetic has worn off and the risk of postural 
hypotension is minimal. If headache is severe and 
persistent, an epidural blood patch may be performed 
by removing 20mL of the patient’s own blood un- 
der aseptic conditions and injecting it epidurally at 
the same interspace as SAB was performed. Injection 
should be stopped if discomfort is experienced. This is 
70-80% effective for lumbar puncture headache and 
appears to be remarkably free from adverse effects. 


Other complications. These include: 

m Urinary retention — this may be associated with 
the surgical procedure. Large volumes of i.v. fluids 
may increase the frequency of this complication. 

= Labyrinthine disturbances. 

m Cranial nerve palsy — sixth nerve palsy may oc- 
cur and is usually temporary. This complication 
is more common with larger needles. 

= Meningitis and meningism. 

= Spinal cord trauma caused by inserting the nee- 
dle at too high an interspace — fortunately these 
conditions, giving rise to permanent neurologi- 
cal damage or paraplegia, are rare. 


Continuous Spinal Anaesthesia 


Subarachnoid blockade can be produced incremen- 
tally or the duration prolonged by using an indwell- 
ing spinal catheter. It may be performed using either 
a small catheter passed through a 19-gauge Tuohy 
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needle or using a purpose-made catheter-over-wire 
kit such as the Spinocath (see Fig 24.1A). With the lat- 
ter, the epidural space is located using a loss of resis- 
tance technique with a Crawford-type epidural needle 
and the 22-gauge Spinocath with guide wire, inserted 
through it to puncture the dura. The guide wire is then 
withdrawn, leaving the catheter in the subarachnoid 
space. Therefore there is minimal CSF leak around 
the catheter, reducing the risk of post-dural-puncture 
headache. 

Spinal catheter techniques fell out of favour in 
the early 1990s following reports of cauda equina 
syndrome occurring in association with the use of 
28-gauge and 32-gauge microcatheters and large 
doses of hyperbaric lidocaine 5%. It is postulated that 
the problem arose through pooling of high concentra- 
tions of lidocaine around the sacral nerve roots be- 
cause of a slow injection rate, leading to permanent 
neurological damage. Hyperbaric lidocaine 5% and 
catheters finer than 24-gauge should be avoided 
and, because of the additional technical difficulty 
and potential for infection, the technique should be 
limited to more experienced practitioners in specific 
circumstances. 


Performance of Epidural Block 


By virtue of its great versatility, epidural analgesia is 
probably the most widely used regional technique in 
the UK. It may be used for procedures from the neck 
downwards and the duration of analgesia can be tai- 
lored to meet the needs of surgery and postoperative 
pain relief by using a catheter system. 

The major differences between SAB and epidural 
block are summarized in Table 24.4. Further expan- 
sion of the technique has taken place with the advent 
of epidural administration of opioids and other agents 
such as clonidine or ketamine may have a place in pro- 
viding postoperative epidural analgesia. 


Equipment 

Epidural anaesthesia is usually performed using a 
Tuohy needle (Fig. 24.5). The needle is marked at 
1cm intervals and has a Huber point which allows a 
catheter to be directed along the long axis of the epi- 
dural space. Disposable catheters are available with a 
single end-hole or with a sealed tip and three side- 
holes distally. 
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TABLE 24.4 


Differences between Subarachnoid and Epidural Block 


Subarachnoid 


Dose of drug used 


Small: minimal risk of systemic toxicity 


Epidural 


Large: possibility of systemic toxicity after 
intravascular injection or total spinal blockade after 
subarachnoid injection 


Rate of onset 
maximum effect 


Intensity of block Usually complete anaesthesia 


Fast: 2-5 min for initial effect, 20 min for 


Slow: 5-15 min for initial effect, 30-45 min for 
maximum effect 


Often not complete anaesthesia for all segments 


Pattern of block 


but rapidly develops appearance of cord 


transection 


May be dermatomal for first few minutes, 


Dermatomal 


Addition of 


vasoconstrictor not with other drugs 
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FIGURE 24.5 ™ 16-Gauge Tuohy extradural needle with loss 
of resistance syringe and catheter. 


Technique 


Epidural block may be performed at any level of the 
vertebral column to provide segmental analgesia over 
an area that can be predetermined with reasonable 
success. Initial experience should be gained in the lum- 
bar region before progressing to sites above the termi- 
nation of the spinal cord. 


Reliably prolongs block with tetracaine, but 


Reliably prolongs block with lidocaine. May prolong 
block with bupivacaine, but not in all patients 


The pressure in the epidural space was originally 
considered to be subatmospheric, particularly in the 
thoracic region. In fact, it is slightly positive, but nega- 
tive pressures are induced by tenting of the epidural 
space from the Tuohy needle and account for the rapid 
inward entry of saline using the hanging-drop method. 
Some older methods of identifying the epidural space 
(e.g. Odom’s indicator, Macintosh’s balloon) relied on 
detection of this subatmospheric pressure in the epi- 
dural space. However, methods which depend on loss 
of resistance to injection of air or saline as the tip of 
the needle penetrates the ligamentum flavum and en- 
ters the epidural space have become more popular. A 
midline lumbar approach is described here, using loss 
of resistance to saline to detect the epidural space. 

The patient is positioned as for SAB and the ver- 
tebral level is identified from the iliac crests. The skin 
and subcutaneous tissues of the third lumbar inter- 
space are infiltrated with local anaesthetic solution in 
the midline. A sharp needle is used to puncture the 
skin and the round-ended epidural Tuohy needle is 
introduced through the skin puncture, subcutaneous 
tissue and supraspinous ligament. The common rea- 
sons for difficulty are the same as those for SAB. When 
inserted into the interspinous ligament, the unsup- 
ported needle remains steady. The stilette is withdrawn 
and a 10 mL plastic syringe filled with saline is attached 
and advanced using firm but gentle pressure on the 
plunger. The needle must be gripped tightly at all times 
(Fig. 24.6) to prevent sudden forward movement. 
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FIGURE 24.6 


When the needle penetrates the ligamentum flavum, 
there is a sudden loss of resistance to pressure on the 
plunger, but the needle must not be allowed to advance 
further. The needle must not be rotated after its tip has 
entered the epidural space, as this increases the risk of 
penetration of the dura. 


Single-Dose Technique 


The syringe containing local anaesthetic is connected 
to the epidural needle, and after aspiration a test dose is 
administered to detect intravascular or subarachnoid 
placement. After an appropriate pause, the remain- 
der of the solution is injected at a rate not exceeding 
10mL min while verbal contact is maintained with 
the patient. 


Catheter Insertion 


An epidural catheter should pass freely through the 
needle into the epidural space. If the catheter does 
not thread easily, the needle should be repositioned, 
as forcing the catheter into the epidural space makes 
intravascular placement more likely. When a suf- 
ficient length of catheter (3-5cm) is in the space, 
the needle is carefully withdrawn over the catheter. 
After ensuring that there is no flow of blood or CSF 
down the catheter, the hub is attached and an aspira- 
tion test performed; if blood or CSF is obtained, the 
catheter should be reinserted in an adjacent space. 


Loss of resistance technique to identify the epidural space. See text for details. 


A filter is connected and a test dose given. If this 
is satisfactory, the catheter is fixed to the patient’s 
back with adhesive strapping and the main dose is 
administered. 


Factors Affecting Spread 


Epidural spread varies widely among individuals 
and the initial injection site will govern the pat- 
tern of distribution relative to this injection site. 
The most important determinant of spread appears 
to be the total mass of drug injected with the same 
mass of drug given in different concentrations and 
volumes producing similar spread of sensory block- 
ade. Higher concentrations of drug will tend to in- 
crease the intensity of block including motor block. 
Posture has a minimal effect on spread; in the lateral 
position the dependent side will have block levels ap- 
proximately 0-3 segments higher, whereas a supine 
Trendelenburg position of 15° will result in higher 
sensory block levels in pregnant women. Patients 
who are pregnant, obese or aged over 60 years may 
have an increased likelihood of a high block with a 
given dose of LA. 


Factors Affecting Onset 


Onset time may be reduced by increasing the concen- 
tration of the LA and by the addition of adrenaline 
1:200 000. 
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Factors Affecting Duration 


The choice of LA agent has a major effect on the dura- 
tion of anaesthesia. The concentration of the drug also 
has an effect; the higher concentrations of bupivacaine 
produce a more prolonged block. To some extent this 
is a reflection of increased dose, which is known to 
increase the duration of anaesthesia. The addition of 
adrenaline 1:200 000 to lidocaine increases duration. 


Agents 


Lidocaine. Lidocaine is used in concentrations of 
1.5-2% with or without adrenaline 1:200 000. Without 
adrenaline, the duration of action is approximately 1 h; 
a duration of approximately 1-2.5h may be expected 
when solutions containing adrenaline are used, de- 
pending on surgical site. 


Bupivacaine. Bupivacaine is available in concentrations 
of 0.25% and 0.5%. Increasing the concentration to 
0.75% results in a faster onset, a denser block, more pro- 
found motor block (and therefore muscle relaxation) 
and increased duration of anaesthesia, but this concen- 
tration is not now freely available for use in the UK. 


Levobupivacaine. Levobupivacaine is the pure 
S-isomer of bupivacaine and is less cardiotoxic than 
the racemic mixture, but otherwise appears equi- 
potent in terms of sensory and motor blockade. 
Levobupivacaine is available as a 0.25%, 0.5% and 
0.75% solution. The advantages of a 0.75% solution 
as described above may be broadly applicable to the 
use of levobupivacaine although clinical and research 
experience is more limited. A block lasting more than 
4h may be achieved with a 0.75% solution. 


Ropivacaine. Ropivacaine is a long-acting agent that 
is less cardiotoxic than bupivacaine and may produce 
less motor block for a similar degree of sensory block- 
ade. It is usually regarded as being less potent than bu- 
pivacaine and slightly higher concentrations/doses are 
usually employed. 


Complications 


Intraoperative. Dural tap. The incidence should be less 
than 0.5% in experienced hands. It usually occurs with 
the needle rather than the catheter and is immediately 
obvious because of the free flow of CSE If this occurs, 


epidural block should be instituted at an adjacent 
space and managed cautiously, although experienced 
anaesthetists, particularly in the obstetric environ- 
ment, may choose to pass the ‘epidural’ catheter into 
the subarachnoid space and manage as a continuous 
SAB (see Ch 35). Puncture of the dura with a large 
epidural needle leads to a high incidence of headache, 
of up to 70%. Simple analgesics and adequate hydra- 
tion may suffice if headache occurs; if not, an epidural 
blood patch should be performed. Accidental total spi- 
nal anaesthesia (see below) is rare because the dural 
tap is usually obvious. 


Total Spinal Anaesthesia. This may occur if the large 
volume of solution used for epidural anaesthesia is in- 
jected into the subarachnoid space. The consequences 
may be: 


m profound hypotension 

m apnoea, unconsciousness and dilated pupils 
secondary to local anaesthetic action on the 
brainstem. 


Paralysis of the legs should alert the physician to the 
possibility of subarachnoid injection. When using a test 
dose, motor function should be tested by asking the pa- 
tient to raise the whole leg and not merely to wiggle the 
toes; movement of the toes may not be abolished for 
20 min after SAB, if at all. It should be noted that relatively 
large volumes of local anaesthetic solution, e.g. 10 mL of 
bupivacaine 0.25%, may be injected into the subarach- 
noid space without total spinal anaesthesia occurring. 

Provided that skilled resuscitation is undertaken 
rapidly, a total spinal should be followed by complete 
recovery. Appropriate personnel and equipment should 
be present before epidural analgesia is undertaken and 
whenever top-up injections are administered. 


Massive Epidural Block and Subdural Block. A very 
high block may occur in the absence of subarach- 
noid injection. This may be associated with Horner’s 
syndrome. 

Other complications. These include: 


intravenous toxicity (see Ch 4) 
hypotension 
urinary retention 


E 
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m shivering 


m nausea/vomiting — this may result from hypo- 
tension or visceral manipulation in the awake 
patient. 


Postoperative 

= Headache following dural tap. 

= Epidural haematoma. The spinal canal acts as a 
rigid box, and an expanding haematoma within 
the canal compresses the spinal cord, resulting 
in loss of neurological function unless the com- 
pression is relieved surgically at a very early stage. 
Decompression within 6h is completely effective 
in virtually all patients, but after 12h it is almost 
totally ineffective. 

= Epidural abscess. 

m Other neurological complications, e.g. damage to 
a single nerve root or paraplegia following acci- 
dental administration of potassium chloride. 


Anticoagulants and Subarachnoid Block or 
Epidural Anaesthesia 


Oral Anticoagulants 


Anticoagulation should be stopped at an appropriate 
time before surgery if SAB or epidural anaesthesia is 
planned. The degree of anticoagulation most appropri- 
ate for the patient depends on a balance between the 
risk of withholding anticoagulation and the nature of 
the surgery, in particular the associated risk of bleeding. 


Platelets 
The platelet count should ideally be > 15010? L~. 


Antiplatelet Agents 


Concern has been expressed about the antiplatelet ef- 
fect of aspirin, NSAIDs and dipyridamole with respect 
to increased risk of vertebral canal haematoma. There 
is little evidence to support this concern but clopido- 
grel should be stopped at least 7 days before surgery un- 
less there are overwhelming clinical circumstances, as 
reports of both serious surgical bleeding and vertebral 
canal haematoma have been associated with its use. 


Heparin 
The half-life of heparin given i.v. is 50-160 min, depend- 


ing on dose. When given s.c., blood concentrations vary 
widely; in some patients plasma concentrations are in 
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the anticoagulant range. At present, it is regarded as im- 
prudent to use SAB or epidural analgesia when subcuta- 
neous heparin has already been given, especially the 
low-molecular-weight variety. Removal of an epidural 
catheter should be timed to precede, rather than follow, 
administration of a further dose of subcutaneous heparin. 
Guidelines for the use of low-molecular-weight hep- 
arin and epidural anaesthesia are given in Table 24.5. 


TABLE 24.5 


Guidelines for the Insertion and Removal 
of Epidural Catheters in Association with 
Low-Molecular-Weight Heparins (LMWH) 


1 Patients who need DVT prophylaxis before 
theatre should receive LMWH the day before 
at approximately 18.00h. 


2 LMWH should not be given on the day of 
surgery - this allows 12 h before catheter 
placement; although the LMWH is providing 
DVT prophylaxis at this time, plasma 
concentrations are below peak activity and 
therefore less likely to create a problem. 


3 LMWH may be given 2h after placement of 
an epidural catheter. 


4 The epidural catheter should be removed 
12h after the last dose of LMWH and the 
next dose should not be given until 2h have 


elapsed. 


5 Antiplatelet drugs and anticoagulant drugs 
should not be used concurrently with LMWH. 


6 The smallest effective dose of LMWH should 
be used. 
7 Patients should have regular (every 4h) 


neurological examination after removal of 
the epidural catheter. This should include 
sensation, power and reflexes. 


8 In cases of traumatic or repeated epidural 
puncture, administration of LMWH should 
be delayed for more than 24h; an alternative 
method of DVT prophylaxis should be used. 


9 Epidural mixtures should contain a low 
concentration of local anaesthetic so that 
motor function may be assessed. 


10 If the patient develops a neurological 
abnormality either during epidural infusion 
or within 48 h of epidural catheter removal, 
an urgent MRI scan is required and a 
neurosurgical opinion should be obtained. 
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Intraoperative Heparinization 


Epidural analgesia and SAB offer advantages for major 
vascular surgery, but the routine use of heparin intro- 
duces the theoretical risk of haemorrhage if an epi- 
dural catheter is in place. The precise risk is unknown, 
as prospective trials would require in excess of 10000 
cases. Some large series (3000 patients) have been con- 
ducted under epidural analgesia without haematoma 
formation. 


Caudal Anaesthesia 


Caudal block involves injection of local anaesthetic 
into the epidural space through the sacral hiatus 
to obtain anaesthesia of sacral and coccygeal nerve 
roots. Injection of very large volumes to obtain an- 
aesthesia of lumbar and thoracic roots, although 
described, is seldom practised because of a high 
incidence of side-effects and failure to achieve a 
sufficiently high block. With appropriate volumes, 
caudal blockade affects the lower limbs infrequently, 
does not cause sympathetic blockade and has a low 
risk of dural puncture. The anatomy is variable and 
difficulty is experienced in approximately 5% of 
subjects. 


Indications 


Caudal anaesthesia is suitable for perineal operations, 
e.g. haemorrhoidectomy, although in practice a sub- 
arachnoid saddle block is usually preferred. It is fre- 
quently used in paediatric practice for postoperative 
analgesia following circumcision, orchidopexy and in- 
guinal hernia and hypospadias repairs. 


Method 


Caudal blockade may be performed with the patient in 
the prone position, but the left lateral position is usu- 
ally more acceptable to the patient and easier in the 
anaesthetized paediatric patient. Palpation down the 
sacral spine leads to the depression of the sacral hiatus 
at S5, flanked by the sacral cornua, through which the 
needle is inserted. A 21-gauge hypodermic needle or 
22-gauge cannula is introduced through skin and sa- 
crococcygeal ligament in a cephalad direction at 45° to 
the skin (Fig. 24.7). When the membrane is penetrated, 
injection may be performed or the needle hub may be 
depressed toward the natal cleft, and inserted a further 
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Needle position for caudal anaesthesia. 


2-3 mm along the sacral canal; it must be remembered 
that the dura may extend to $3. Lidocaine 2%, with or 
without adrenaline, and bupivacaine 0.5% are suitable 
agents. In an adult, 10 mL of solution blocks anal sen- 
sation consistently. 

In conjunction with general anaesthesia, caudal 
anaesthesia provides smooth operating conditions 
and good postoperative analgesia. With this com- 
bined technique, the advantages of performing cau- 
dal block before induction of general anaesthesia are 
as follows: 


= The patient does not need to be repositioned 
while anaesthetized. 

= Subperiosteal injection is reported by the patient. 

= Accidental i.v. injection may be detected before 
the full dose is given. 


For patients undergoing haemorrhoidectomy, 
many surgeons rely on the tone in the anal sphincter 
to identify it accurately and avoid damage. In these pa- 
tients, general anaesthesia may be supplemented by a 
short-acting opioid such as alfentanil for the intraop- 
erative period, and caudal anaesthesia given following 
the procedure. Extremely effective postoperative anal- 
gesia lasting several hours is provided. 


Complications 


Misplaced needle. Injection into subcutaneous tis- 
sue causes a swelling with fluid, or surgical emphy- 
sema with 2-3 mL of air. Intraosseous or subperiosteal 
injection results in marked resistance to injection. 
Penetration of rectum and fetal head (in obstetric 
practice) have been reported but should not occur if 
the technique is performed carefully. 

Dural tap. This is rare, but the procedure should be 
abandoned if CSF is aspirated. 


PERIPHERAL BLOCKS 
Head and Neck Blocks 


Superficial cervical plexus block is now commonly used 
for carrying out awake carotid endarterectomy but 
other specialized blocks are mostly used in ophthalmic 
and plastic surgery. Only the technique of local anaes- 
thesia for awake intubation is described here. Blocks 
used in ophthalmic surgery are discussed in Chapter 30. 


Awake Intubation 


This may be the safest option in a patient with known 
or anticipated difficulty with intubation from a vari- 
ety of causes, anatomical or otherwise. Pretreatment 
with an antisialagogue such as glycopyrrolate 0.2 mg 
may be useful to decrease secretions and improve an- 
aesthesia obtained with topical application. Sedation 
with midazolam or a combination with fentanyl or a 
target-controlled remifentanil infusion is desirable, if 
this is not likely to exacerbate airway obstruction. A 
blind, fibreoptic or retrograde technique may be used, 
and experience and training in these techniques are 
now more widespread. 

The nose is prepared with topical lidocaine 2% with 
or without a vasoconstrictor such as phenylephrine. 
The patient may then either suck a benzocaine lozenge, 
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or the posterior tongue and pharynx are sprayed with 
lidocaine 4%. For laryngeal analgesia, either a ‘spray as 
you go’ technique through the scope under direct vi- 
sion is used, or a cricothyroid injection is performed 
through either a 23-gauge needle or 22-gauge can- 
nula inserted through the cricothyroid membrane 
(Fig. 24.8A, B) with air aspirated to confirm the po- 
sition. Two millilitres of lidocaine 4% are injected 
and the needle is withdrawn immediately. A vigor- 
ous cough results and spreads the solution. Although 
absorption of lidocaine from mucous membranes is 
rapid, in practice, significant amounts tend to be lost 
or swallowed and rarely cause systemic toxicity. 


Upper Limb Blocks 


The upper limb is well suited to local anaesthetic tech- 
niques and these remain among the most useful and 
commonly practised peripheral regional techniques. 
The pattern of blockade is partly determined by the ap- 
proach used and because each technique has its own 
limitations in regard to the extent of block and the risk of 
side-effects, it is important to relate the surgical require- 
ments to the benefits and risks of the intended block for 
each individual patient. Interscalene block is the most 
useful approach for shoulder surgery as it successfully 
blocks the cervical plexus as well as the proximal brachial 


B 
(A) Cricothyroid anatomy. (B) Cricothyroid injection. 
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plexus, whilst axillary, supraclavicular and infraclavicu- 
lar blocks can all be used for elbow, forearm and hand 
surgery. These techniques are commonly used as the sole 
technique for surgery and the recent introduction of 
ultrasound-guidance has led to an upsurge of interest in 
this area with many potential benefits. 

The aim with all of these techniques, whether us- 
ing peripheral nerve stimulation or ultrasound, is to 
achieve rapid and complete blockade with the lowest 
possible failure rate and with minimal complications. 
With appropriate training, these techniques may now 
be expected to provide successful surgical anaesthesia 
in more than 90% of patients using a variety of ana- 
tomical approaches. The majority of the remainder 
can be managed with additional local infiltration or 
the addition of a peripheral ‘rescue’ block before re- 
sorting to general anaesthesia. 


Anatomy of the Brachial Plexus 


A sound anatomical knowledge is essential to the 
practice of peripheral regional anaesthesia. The nerve 
supply of the upper limb is derived mainly from 
the brachial plexus, which is formed from the ante- 
rior primary rami of the fifth to eighth cervical and 
first thoracic nerve roots. The roots of the plexus di- 
vide repeatedly and recombine to form trunks, divi- 
sions, cords and terminal nerves (Fig. 24.9). The roots 
emerge from the intervertebral foramina and combine 
into three trunks above the first rib. Each trunk sepa- 
rates above the clavicle into anterior and posterior di- 
visions; anterior divisions supply the flexor structures 
of the arm and posterior divisions the extensor struc- 
tures. The divisions recombine into three cords, which 
surround the second part of the axillary artery behind 
pectoralis minor and then form the terminal nerves. 

The roots lie between the anterior and middle sca- 
lene muscles and are invested in a sheath, derived from 
the prevertebral fascia, which splits to enclose the sca- 
lene muscles. The cutaneous and deep nerve supplies 
of the upper limb are depicted in Figure 24.10. 

Part of the cutaneous nerve supply of the upper 
limb is not derived from the brachial plexus; the 
upper medial part of the arm is supplied by the inter- 
costobrachial nerve (T2) whilst the skin over the shoul- 
der tip is supplied by the supraclavicular nerves of the 
cervical plexus. The reader is referred to standard texts 
for a more detailed anatomical description. 


Ultrasound-Guidance 


Ultrasound-guidance has been greatly increasing in 
popularity over the last 10 years, particularly for the 
performance of peripheral upper and lower limb 
blocks. For the first time, the anaesthetist has been able 
to visualize anatomical structures and variants, allow- 
ing accurate needle placement and importantly, visual- 
ization of local anaesthetic spread around these target 
structures. Potential advantages of these techniques re- 
main a source of debate (Table 24.6). Although defini- 
tive outcome studies comparing ultrasound-guidance 
with nerve stimulation are not available, there is in- 
creasing evidence that ultrasound offers a number of 
advantages including greater block success, faster onset 
time, reduced procedure-related pain, reduced local 
anaesthetic dosage and reduced adverse effects such as 
inadvertent intravascular injection and phrenic nerve 
paresis with interscalene block. 


Axillary Block 


This technique represents perhaps the safest ap- 
proach to the brachial plexus for the trainee to learn 
whether using peripheral nerve stimulation or ultra- 
sound-guidance. It is useful for elbow, forearm and 
hand surgery and safe for out-patients, but traditional 
single-injection approaches are limited by high failure 
rates of both musculocutaneous and radial nerves. 
This is due to the anatomical positions of the nerves 
and the presence, in some individuals, of fibrous sep- 
tae within the brachial plexus sheath which prevent 
circumferential spread of local anaesthetic. The most 
common orientation of nerves around the axillary 
artery is shown in Figure 24.11A, as are the needle 
positions necessary for successful complete blockade 
using nerve stimulation. Ultrasound visualization al- 
lows both the detection of anatomical variation and 
the optimization of local anaesthetic spread around 
these structures. Dense, complete blockade can often 
be achieved within 10-15 min using multiple injection 
techniques. 


Positioning. The patient lies supine with the arm to be 
blocked abducted to no more than 90° and the elbow 
bent to 90° (see Fig. 24.11B). Further abduction with 
the hand placed behind the head is convenient, but the 
axillary vessels become stretched and distorted, and 
performance of the block is more difficult. 
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FIGURE 24.9 © Formation of the brachial plexus. 


Method. The axillary artery is palpated and traced to point, which also blocks the intercostobrachial nerve. 
a point 1-2 cm distal to the lateral border of pectoralis A 22-gauge insulated short-bevelled needle is intro- 
major. A 2 mL subcutaneous wheal of local anaesthetic duced through this wheal after puncturing the skin 
is raised superficial and inferior to the artery at this with a standard needle. The nerve stimulator is set 
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FIGURE 24.10 
the upper limb. 


TABLE 24.6 


Potential Advantages of Ultrasound- 
Guided Nerve Blockade 


Visualization of target structure 


Visualization of surrounding anatomical structures 


Accuracy of needle placement 


Visualization of local anaesthetic spread in real time 


Compensation for anatomical variation 


Avoidance of intraneural or intravascular injection 


Variety of approaches (not landmark dependent) 


Rapid block onset 


Reduced local anaesthetic dosage 


Reduced procedure-related pain 


Reduced complications 


to deliver a current of 2mA and the needle directed 
immediately above the artery (almost parallel to the 
floor). Stimulation of the musculocutaneous nerve 
causes biceps contraction and flexion of the elbow. The 
current should then be reduced until optimal contrac- 
tion is obtained at a current of around 0.5 mA; 5 mL of 


POSTERIOR 


Innervation of the upper limb: outer, dermatomal innervation of the skin; inner, cutaneous nerve supply to 


the LA is injected following gentle aspiration. The nee- 
dle is then withdrawn and redirected through the same 
puncture, in a more inferior direction with the current 
again set to deliver 2mA. Flexion of wrist and fingers 
occurs following a distinct fascial click as the needle 
enters the sheath and stimulates the median nerve. 
Current is again reduced to optimize muscle contrac- 
tion at 0.5mA and 15mL of LA solution injected in 
5mL increments, each preceded by careful aspiration. 
Finally, the needle is withdrawn and redirected below 
the artery until extension of the fingers is obtained and 
again current reduced from 2 mA to 0.5 mA. Ten mL of 
LA is then injected in two 5mL increments. A total of 
30mL of local anaesthetic solution is therefore used. 
For most routine upper limb surgery, lidocaine 1.5% 
with adrenaline 1:200000 is used, but for major pain- 
ful procedures, ropivacaine or levobupivacaine 0.5% 
may be substituted. After completion of injection, the 
arm should be returned to the patient’s side. 
Ultrasound-guidance: The plexus of most indi- 
viduals can be visualized using a linear 10 MHz probe 
set to a depth of 3cm. An anatomical survey is car- 
ried out to demonstrate the positions of the nerves 
(Fig 24.11C). The musculocutaneous nerve is generally 
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Needle insertion point 


Pulsation of axillary artery 


(A) Cross-sectional relationship of the brachial plexus nerves to the axillary artery. (B) Correct position and 


approach for axillary block. (C) Ultrasound image of distal axilla showing echogenic needle targeting the musculocutaneous nerve 
(mu). AA, axillary artery; m, median nerve; u, ulnar nerve; r, radial nerve; LA, local anaesthetic. 


seen lying between biceps and coracobrachialis mus- 
cles lateral to the artery, the median nerve is usually 
located adjacent to the artery in the ‘9-12 o'clock’ posi- 
tion with the ulnar nerve often seen in the correspond- 
ing ‘12-2 o'clock position, a discrete distance from the 
artery and often just below the axillary vein. The ra- 
dial nerve is the most difficult to visualize and tends to 
lie beneath the ulnar nerve in the ‘5 o'clock position. 
The block needle is introduced either in-plane or out 
of plane, following local anaesthetic infiltration. Local 
anaesthetic is then distributed around the individual 
nerves as described above and additionally around the 
ulnar nerve. 


Disadvantages. Access is occasionally problematic if 
arm abduction and external rotation are limited by 
either additional shoulder trauma or severe arthritis. 
This approach rarely blocks the axillary nerve un- 
less large volumes of solution are used. If blockade 
of this nerve is required, a more proximal approach 
to the plexus should be considered. Puncture of the 
axillary artery is rarely a problem, but may lead to 
haematoma formation or inadvertent intravascular 
injection. Nerve damage occurs rarely and is more 
likely to result from malposition of the anaesthetized 
limb or failure to recognize a compartment syndrome 
postoperatively. 
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Infraclavicular Block 


Historically less popular than the other approaches 
due to the variety and imprecision of landmark ap- 
proaches, high vascular puncture rates and variable ef- 
ficacy, this technique has become increasingly popular 
since the advent of ultrasound-guidance. Most tech- 
niques are described either below the clavicular mid- 
point (vertical infraclavicular block) or a more lateral 
approach caudal and medial to the coracoid process. 
The latter approach is more popular with ultrasound- 
guidance (lateral sagittal infraclavicular block) and 
blocks the three cords of the plexus as they surround 
the second part of the axillary artery deep to pectoralis 
minor muscle. 


Advantages. The block can be performed with the 
arm at the side and may therefore be useful when 
access for axillary block is prevented by limitation 
of shoulder abduction. Using ultrasonic location 
and ensuring local anaesthetic spread poste- 
rior and medial to the axillary artery, excellent 
efficacy and complete block within 10-15 min can 
be achieved from a single injection site. For best 
images and ease of needle placement in the lim- 
ited space below the clavicle, a small curved array 
probe is used. This probe not only shows the im- 
portant vascular structures with which the nerves 
are intimately related, but with experience also 
demonstrates the three neural cords and the local 
anaesthetic spread around them. The approach is 
useful for elbow, forearm and hand surgery and is 
particularly useful if a catheter is sited for postoper- 
ative use, because of greater ease of secure fixation 
below the clavicle. Blockade of the phrenic nerve is 
unlikely with the lateral approach. 


Disadvantages. Pneumothorax has been reported al- 
though the risk appears to be low. Vascular puncture 
is fairly common using nerve stimulator techniques 
because of the close proximity of nerves to both axil- 
lary artery and vein in this location. Ultrasonic loca- 
tion reduces this to a minimum. Success rates decrease 
with inadequate spread, but administering 35—40 mL 
rather than 30 mL of LA solution may improve medial 
spread with a single-injection approach, providing this 
remains within the safe recommended dosage of the 
local anaesthetic agent. 


Supraclavicular Block 


This approach provides perhaps the best overall effi- 
cacy of complete arm block from a single injection as 
the trunks/divisions of the brachial plexus are closely 
related at this point. 

The key to successful and safe nerve stimulation 
approaches is accurate palpation of the intersca- 
lene groove (see Fig. 24.12) above the clavicle, which 
helps delineate the position of the first rib and lat- 
eral border of pleura as well as locating the plexus. 
Popularity has been increasing since the introduction 
of ultrasound-guidance as plexus, subclavian artery, 
pleura and first rib are all usually straightforward to vi- 
sualize (Fig 24.13). The needle is introduced in-plane, 
in a lateral to medial direction and should be visualized 
continuously to prevent inadvertent pleural puncture. 


Advantages. The arm does not require to be abducted 
for access and complete upper limb local anaesthesia, 
including axillary nerve block, is possible from a single 
injection. Onset time may be as short as 10—15 min and 
30 mL of solution is sufficient to produce a dense block 
in most adults. It is suitable for proximal humeral sur- 
gery as well as more distal upper limb surgery. 


Disadvantages. The risk of pneumothorax is always 


present, but is very small (<0.5%) in experienced 
hands even when using peripheral nerve stimulation. 
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FIGURE 24.12 
the neck. 
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FIGURE 24.13 ™ Ultrasound image of supraclavicular bra- 
chial plexus. SA, subclavian artery. 


The safety and success depend on the accurate localiza- 
tion of the interscalene groove which may not always 
be straightforward, particularly in the obese. Pleural 
puncture should be preventable using ultrasound- 
guidance but has been reported. Phrenic nerve paraly- 
sis may occur in around one-third of patients, but is 
usually asymptomatic. Axillary block is the method 
of choice if there is diminished respiratory reserve. 
Sympathetic block is relatively common and results in 
Horner’s syndrome. The technique is still not recom- 
mended routinely for out-patients. 


Interscalene Block 


Advantages. This is the most proximal approach to the 
brachial plexus and the only approach which reliably 
blocks the plexus above C5. With adequate volume 
(25-30 mL) interscalene injection usually extends to 
block the cervical plexus roots C3 and C4 and is there- 
fore most suitable for shoulder and upper arm surgery. 


Disadvantages. Block of the C8 and T1 roots may prove 
difficult and make the technique rather less suitable for 
hand surgery. Complications are similar to those for su- 
praclavicular block but phrenic nerve block occurs al- 
most universally with the volumes of local anaesthetic 
described. Ultrasound guidance, targeting the C5 and 
C6 nerve roots (Fig 24.14) allows much smaller volumes 
of LA (as little as 5-10 mL) to be used for postoperative 
analgesia, reducing the incidence of phrenic paresis to 
around 50%. Pneumothorax, vertebral artery puncture, 
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Nerye 


Roots 


FIGURE 24.14 ™ Ultrasound image of C5 & C6 nerve roots 
for interscalene block. CA, carotid artery; SCM, sternocleido- 
mastoid muscle; SA, scalenus anterior; SM, scalenus medius. 


total spinal and direct intraspinal injection are also pos- 
sibilities. Seizures may occur from direct vertebral artery 
injection with as little as 1-2 mL of LA solution. 


Agents 


Lidocaine 1.5%, with adrenaline 1:200000, bupiva- 
caine, ropivacaine or levobupivacaine 0.2-0.5% are all 
suitable agents. The more dilute solutions are neces- 
sary when larger volumes or additional nerve blocks 
are required, or may be used when the block is com- 
bined with general anaesthesia, particularly if a post- 
operative local anaesthetic infusion is planned. 


Blocks in the Trunk 


Intercostal and paravertebral blocks are useful in pro- 
viding analgesia following abdominal, breast and tho- 
racic surgery and also provide good analgesia for rib 
fractures. The analgesic area may be extended using 
multiple injections or by spread of a larger single bo- 
lus, usually via an indwelling catheter, which may then 
be employed for repeat administrations. There is a sig- 
nificant risk of pneumothorax when these blocks are 
performed by unskilled personnel. Paravertebral block 
can be a relatively straightforward procedure particu- 
larly with ultrasound-guidance, but is only suitable for 
the more experienced anaesthetist. It is gaining popu- 
larity for analgesia following breast and inguinal her- 
nia surgery, but is not considered further here. 


542 24 LOCAL ANAESTHETIC TECHNIQUES 


Intercostal Nerve Block 


Anatomy. Intercostal nerves are formed from the ven- 
tral rami of segmental thoracic nerves after communi- 
cating with the associated sympathetic ganglia through 
white and grey rami communicantes (Fig. 24.15). An 
intercostal nerve has three main branches: the lateral 
cutaneous branch divides into anterior and posterior 
branches; the anterior terminal branch supplies the 
anterior thorax, rectus muscle and overlying skin; and 
a collateral branch arises from most nerves in the pos- 
terior intercostal space. This may rejoin the main nerve 
or form a separate anterior cutaneous nerve. Fibres 
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from T1 join the brachial plexus, T2 and T3 supply 
fibres to form the intercostobrachial nerve, and T12, 
together with L1, contribute to the iliohypogastric, il- 
ioinguinal and genitofemoral nerves. 


Method. The optimal place to block the intercostal 
nerve is proximal to the formation of the lateral cuta- 
neous branch, posterior to the mid-axillary line. With 
the patient in the lateral position, nerve blocks may 
be conveniently performed immediately following 
surgery for unilateral procedures such as open biliary 
and gallbladder surgery. In awake patients, for example 


Lateral cutaneous 
branch 


Intercostalis intimus muscle 


Internal intercostal muscle 


External intercostal muscle 


Anterior cutaneous branch 
FIGURE 24.15 


Anatomy of the intercostal nerve. 


following unilateral rib fractures, a sitting position with 
the patient leaning forward to abduct the scapulae is 
often convenient. A 23-gauge needle is inserted perpen- 
dicular to the skin to make contact with an appropri- 
ate rib. The needle is then ‘walked’ caudally until it can 
be inserted under the lower border of the rib, through 
the external intercostal muscle (a depth of 2-3 mm). 
Following a negative aspiration test, 3-5 mL of local an- 
aesthetic solution is then injected. Rapid absorption of 
LA solution may produce high systemic concentrations 
after multiple intercostal nerve blocks and the dose 
and concentration of drug need to be chosen carefully; 
0.25-0.5% levobupivacaine or ropivacaine 0.2—0.5% is 
recommended, depending on the number of intercos- 
tal nerves being blocked. A single injection of 20 mL us- 
ing a catheter technique may block up to five adjacent 
segments (approximately two above and three below). 
Pneumothorax and haemorrhage are the most likely 
complications after intercostal nerve block. 


Hlioinguinal and Iliohypogastric Blocks 


The main nerves which supply the groin are the sub- 
costal (T12), iliohypogastric (L1) and ilioinguinal 
(L1). Ilioinguinal and iliohypogastric blocks are used 
for postoperative analgesia after inguinal hernia sur- 
gery, hydrocoele repair and orchidopexy, but can also 
be used to reduce opioid requirements after gynaeco- 
logical and obstetric surgery. They are frequently used 
in paediatric practice and can provide analgesia com- 
parable with caudal analgesia for paediatric day case 
surgery. Block efficacy can be improved and dosage 
reduced by using ultrasound-guidance. Local anaes- 
thesia is used routinely as the sole anaesthetic for adult 
inguinal hernia surgery in some centres and may be 
the method of choice in the unfit patient or in the day- 
case unit, but only when surgeons are experienced with 
this technique. When used as the sole anaesthetic tech- 
nique for adult inguinal hernia repair, supplementary 
infiltration along the line of skin incision and around 
the internal ring and hernial sac, is usually necessary to 
provide complete analgesia. 

The traditional ‘blind’ approach requires a short- 
bevelled needle to be inserted 1.5cm medial and infe- 
rior to the anterior superior iliac spine. The fascial click 
on penetrating external oblique aponeurosis is readily 
appreciated as the needle is advanced. A total volume 
of fifteen to twenty millilitres of local anaesthetic are 
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injected under the aponeurosis to block the iliohypo- 
gastric nerve followed by a deeper injection within the 
internal oblique muscle, to ensure blockade of the il- 
ioinguinal nerve as it penetrates this muscle. Another 
5mL of solution can be deposited superficial to the 
external oblique aponeurosis medially from this point 
to obtain blockade of cutaneous T12 fibres. A more 
proximal injection point, cranial and posterior to the 
anterior superior iliac spine has been recommended 
with ultrasound-guidance, as the nerves are easier to 
visualize and they each tend to lie in the same plane 
between transversus abdominis and internal oblique at 
this point. Levobupivacaine or ropivacaine 0.2-0.5% 
are suitable agents for postoperative analgesia. 


Transversus Abdominus Plane (TAP) Block 


This block provides analgesia of the anterior and lat- 
eral abdominal wall by blocking the T6-L1 afferent fi- 
bres as they lie within the neurofascial plane between 
the transversus abdominis and internal oblique mus- 
cles. Injection is made in the mid-axillary line above 
the iliac crest and can be performed blindly or ideally 
with ultrasound-guidance. It is suitable as part of a 
postoperative analgesic strategy following unilateral 
lower abdominal surgery such as hernia repair and ap- 
pendicectomy or performed bilaterally for procedures 
such as retropubic prostatectomy or total abdominal 
hysterectomy. Local anaesthetic volumes of at least 
0.3mL.kg™" are required to ensure adequate spread 
and dilute solutions will therefore be required if blocks 
are performed bilaterally, to ensure that dosage is kept 
within recommended safe limits. 


Penile Block 


The dorsal nerves to the penis are derived from the 
pudendal nerves and are blocked with 5-10 mL of LA 
solution injected inferior to the symphysis pubis in the 
midline at a depth of 3-4cm. Care must be taken to 
avoid intravascular injection in this area and vasocon- 
strictors must not be used. Plain bupivacaine or levo- 
bupivacaine 0.5% are suitable agents. The base of the 
penis is innervated by the genital branch of the genito- 
femoral nerve, which may be blocked if necessary by 
s.c. infiltration around the penis. 

Penile block is quick and simple, produces a lim- 
ited effect and is the block of choice for circumcision 
or other minor penile surgery such as meatotomy. It 
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is commonly used in combination with light general 
anaesthesia and provides good postoperative pain re- 
lief. However, a simpler technique is to smear lidocaine 
jelly over the wound on a regular 4 to 6-hourly basis in 
the postoperative period. 


Lower Limb Blocks 


Lower limb blocks are practised less frequently than 
upper limb blocks for three reasons: 


= It is not possible to block the whole of the lower 
limb with one injection. 

m Subarachnoid or epidural anaesthesia may prove 
simpler. 

m There is an impression among some anaes- 
thetists that lower limb blocks are difficult and 
unreliable. 


However, new approaches to the peripheral nerves 
of the lower limb and the use of ultrasound-guidance 
have simplified the subject and the blocks considered 
below are appropriate for the trainee anaesthetist. 


Sciatic Nerve Block 


Anatomy. The sciatic nerve (L4, L5, $1-3) arises from 
the sacral plexus, passes through the great sciatic fora- 
men and descends in the posterior thigh to the popli- 
teal fossa, where it divides into the tibial and common 
peroneal nerves. In the thigh, it supplies muscles and 
the hip joint. The posterior cutaneous nerve of the 
thigh (S1-3) may run with the sciatic nerve or separate 
from it proximally; this nerve supplies the skin of the 
posterior thigh and upper calf. The tibial and common 
peroneal nerves, together with the saphenous nerve, 
supply all structures below the knee. 


Method. There are several approaches to the sciatic 
nerve; with ultrasound-guidance the nerve is best vi- 
sualized where it is most superficial either subgluteal 
or in the popliteal fossa (Fig. 24.16) With nerve stimu- 
lation, the posterior approach described by Labat is 
the most straightforward but requires the patient to 
be turned to a lateral semi-prone position; the limb 
to be blocked is uppermost and flexed at the knee. A 
line is drawn from the posterior superior iliac spine 
to the tip of the greater trochanter of femur. At the 
midpoint, a second perpendicular line is drawn cau- 
dally for 4-5 cm to mark the point of needle insertion 


_—— sciatic nerve 
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FIGURE 24.16 = Ultrasound image of sciatic nerve sur- 
rounded by local anaesthetic (LA), in the popliteal fossa. 


(Fig. 24.17). Following aseptic preparation, the skin 
is infiltrated with 2 mL of local anaesthetic and a 100 
mm, 21G insulated block needle inserted perpendic- 
ular to skin with the stimulator set to deliver 2 mA. 
After some initial twitches in the gluteal area, further 
advancement usually results in hamstring contraction. 
The current is then best reduced to 0.5-1 mA before 
further subtle advancement produces either dorsiflex- 
ion or, ideally, plantar flexion of the foot at a current 
of 0.5 mA. Fifteen to 20 mL of local anaesthetic is then 
injected in 5 mL aliquots after negative aspiration. 

This block has a high success rate with few com- 
plications, although intravascular placement may be 
difficult to detect because of the length of the needle. 
The posterior cutaneous nerve of thigh is usually 
blocked with this approach. Sciatic block may often 
be used alone for several procedures in the foot, e.g. 
hallux valgus operations, using a below-knee tourni- 
quet. This must be positioned at least 10cm below the 
tibial tuberosity to avoid compression of the common 
peroneal nerve as it courses around the fibular neck. 
The block is particularly useful for the medically com- 
promised, arteriopathic patient requiring peripheral 
or forefoot amputation. This may require additional 
saphenous block at the ankle to complete cutaneous 
analgesia on the medial aspect of the foot. Sciatic block 
may also be combined with either lumbar plexus or 
femoral block to allow use of a thigh tourniquet or to 
complete analgesia of the lower limb. 

Lidocaine 1.5-2% with adrenaline 1:200000, or 
ropivacaine, levobupivacaine or bupivacaine 0.375- 
0.5% are suitable agents. Fifteen to 20 mL of solution 
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FIGURE 24.17 


is necessary. The more dilute solutions are required 
when other blocks are performed concurrently. 


Femoral Nerve Block 


Anatomy. The femoral nerve (L2—4) arises from the 
lumbar plexus and runs between psoas and iliacus to 
enter the thigh beneath the inguinal ligament, 1-2 cm 
lateral to the femoral artery and at a slightly greater 
depth. Branches of the anterior division include the 
intermediate and medial cutaneous nerves of the thigh 
and the supply to the sartorius. The posterior division 
supplies the quadriceps and the hip and knee joints 
and terminates as the saphenous nerve, which supplies 
the skin of the medial side of the calf as far as the me- 
dial malleolus and sometimes the medial side of the 
dorsum of the foot. 


Method. The patient lies supine and the inguinal liga- 
ment and femoral artery are identified. The skin is 
anaesthetized lateral to the femoral artery, 1cm be- 
low the inguinal ligament. A 22-gauge, short-bevelled 
insulated needle is inserted parallel to the artery in a 
cephalad direction of approximately 45° with respect 
to skin (Fig. 24.18). With the nerve stimulator set to 
deliver 2mA, two distinct fascial pops are generally 
appreciated before muscle contractions occur. Patellar 
ascension or ‘tapping’ is observed when the femoral 
nerve is accurately located with the current reduced to 
around 0.5 mA. Observation of this patellar movement 
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Posterior approach to sciatic nerve block. The greater trochanter and posterior superior iliac spine are marked. 


should prevent confusion with the contractions ob- 
tained by direct stimulation of the sartorius muscle. 
Fifteen to 20mL of solution is required for satisfac- 
tory blockade. Ultrasound-guidance, either in-plane 
or out of plane, can be used to locate the nerve and 
confirm spread of local anaesthetic around it and be- 
low the fascia iliaca. 

Femoral nerve block is usually combined with 
sciatic block for operative procedures. Analgesia fol- 
lowing femoral fracture or knee surgery may be sat- 
isfactory with femoral nerve block alone, although 
complete analgesia following knee replacement is best 
achieved initially with additional sciatic block. 

The inguinal perivascular technique of lumbar 
plexus anaesthesia (the so-called ‘3-in-1 block’) was 
reported to provide anaesthesia in the distribution of 
the femoral, lateral cutaneous and obturator nerves 
from the single injection of 20-30 mL of solution with 
distal digital pressure. In practice, however, careful as- 
sessment has shown that the obturator nerve is not 
blocked routinely by this approach. 

Suitable LA agents for femoral or ‘3-in-1 block are 
the same as for sciatic nerve block. 


Lumbar Plexus Block 


A paravertebral approach to the lumbar plexus pro- 
vides, in many ways, a more logical approach to block- 
ade of the three main terminal branches: femoral, 
obturator and lateral cutaneous nerve of thigh, than 
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FIGURE 24.18 


the inguinal 3-in-1 approach mentioned above. It may 
be used in combination with sciatic block to complete 
analgesia of the lower limb and has been used as the 
sole technique for femoral neck surgery in addition to 
providing postoperative analgesia after major hip or 
revision surgery carried out under general anaesthesia 
or central neuronal blockade. 


Anatomy. The lumbar plexus is formed from the ven- 
tral rami of the first three and large part of the fourth 


Inguinal ligament 


Lateral femoral 
cutaneous n. 


Femoral artery 


Femoral n. 


Obturator n. 


Saphenous n. 


Position and approach for femoral nerve block. The injection site is marked. 


lumbar nerves. The nerves run from the vertebral col- 
umn in an inferolateral direction within the posterior 
part of the psoas muscle. The femoral and lateral cuta- 
neous nerves then emerge from the lateral aspect and 
the obturator from the medial aspect of this muscle 
and all three nerves may be blocked with LA within the 
psoas muscle at the L3/4 level or L4/5 level. 


Method. The patient is positioned either sitting or 
more commonly in the lateral decubitus position with 


operative side uppermost. The spine of the fourth 
lumbar vertebra is identified by palpating the iliac 
crests. A 21-gauge,100-mm insulated needle is in- 
serted at the junction of the lateral third and medial 
two thirds of a line drawn between the spinous process 
of L4 (approximately 1 cm cephalad to the upper edge 
of the iliac crests) and a perpendicular line, parallel 
to the spinal column passing through the posterior 
superior iliac spine. After contact with the lumbar 
transverse process is made, the needle is withdrawn 
and redirected in a cephalad direction (or occasionally 
in a caudad direction) until the needle glides over the 
transverse process. The depth from skin is variable but 
contact with the plexus, resulting in quadriceps con- 
traction, is usually found at a depth of 1.5-2 cm from 
the transverse process. Following careful aspiration, 
15-20mL of local anaesthetic, usually levobupiva- 
caine 0.375—0.5% or ropivacaine 0.4—0.5%, is injected 
in 5 mL increments. 


Complications. Care must be taken in selecting an ap- 
propriate concentration of LA, particularly when com- 
bined with sciatic block, to ensure maximum dosage is 
not exceeded, resulting in systemic toxicity. Epidural 
spread, usually unilateral, has been reported particu- 
larly in paediatric practice. Penetration of the retro- 
peritoneum leading to haematoma formation, kidney 
or bowel puncture is possible. Central nervous sys- 
tem toxicity, epidural and intrathecal spread leading 
to respiratory failure and cardiac arrest have all been 
reported. 


Ankle Block 


Anatomy. Five nerves supply the forefoot. The medial 
and lateral plantar nerves are the terminal branches 
of the posterior tibial nerve, which enters the foot 
posterior to the medial malleolus; they supply deep 
structures within the foot and all of the sole. The 
common peroneal nerve divides into deep and super- 
ficial branches; the deep peroneal nerve supplies the 
web space between first and second toes and the su- 
perficial branch supplies the dorsum of the foot. The 
saphenous nerve may supply a variable area of skin on 
the medial side of the dorsum of the foot. The sural 
nerve is a branch of the tibial nerve; it runs posterior to 
the lateral malleolus and supplies skin over the lateral 
side of the foot and 5th toe. 
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Method. To block the posterior tibial nerve, the pos- 
terior tibial artery is palpated behind the medial 
malleolus as far distally as possible. Injection of 3 mL 
of LA to each side of it, below deep fascia, blocks me- 
dial and lateral plantar nerves. Alternatively, the pos- 
terior tibial nerve may be blocked with 5 mL of local 
anaesthetic injected at a point distal and posterior to 
the sustentaculum tali, particularly when there is no 
vascular landmark. Injection of 2mL of LA to each 
side of the dorsalis pedis artery, below deep fascia, 
blocks the deep peroneal nerve. The saphenous and 
superficial peroneal nerves are blocked by s.c. infil- 
tration at the level of the ankle joint in a line extend- 
ing from a point anterior to the medial malleolus to 
the lateral malleolus. The sural nerve is blocked with 
a subcutaneous infiltration behind the lateral mal- 
leolus. A complete block of the foot requires 15 mL 
of solution; ropivacaine, levobupivacaine or racemic 
bupivacaine are most suitable for postoperative an- 
algesia. It is probably advisable to avoid all five nerve 
blocks when the circulation to the foot is impaired 
although selective blockade is useful for vascular 
amputations. A single injection sciatic block is often 
therefore more appropriate as the sole technique for 
significant foot surgery. 


Continuous Peripheral Nerve Block 


These techniques are growing in popularity for both 
upper and lower limb blocks, as a method of prolong- 
ing postoperative analgesia and facilitating rehabilita- 
tion without the side-effects associated with opioids 
and with fewer unwanted cardiorespiratory complica- 
tions and the urinary difficulties associated with epi- 
dural analgesia. Postoperative care is simplified and 
may usually be carried out in a general ward environ- 
ment. The anaesthetist should be proficient in single- 
shot peripheral blocks — brachial plexus, femoral, 
lumbar plexus and sciatic — before advancing to cath- 
eter techniques. Some of the most popular techniques 
would include continuous femoral infusion following 
total knee replacement, sciatic infusion following be- 
low knee amputation, interscalene infusion following 
major shoulder surgery and infraclavicular infusions 
for elbow replacement or arthrolysis. Equipment 
has improved greatly in recent years and insulated 
Tuohy needles (see Fig. 24.1) and facet-tipped nee- 
dles are available to assist catheter placement. Local 
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anaesthetic agents, usually levobupivacaine or ropi- 
vacaine, because of their reduced systemic toxicity, 
are most commonly used in concentrations of 0.1- 
0.25% although much lower concentrations of levo- 
bupivacaine have been used by infusion for femoral 
nerve blockade following total knee arthroplasty in 
an attempt to minimize motor blockade and promote 
earlier and safer ambulation. Alternatively, local an- 
aesthetic top-ups can be administered by intermittent 
bolus either by appropriately trained staff, or as part 
of a patient-controlled system with or without a back- 
ground infusion. 


Intra-Articular Techniques 


Intra-articular and wound infiltration techniques, par- 
ticularly following knee replacement surgery, are be- 
coming increasingly popular as part of a multimodal 
analgesic strategy aimed at minimizing side effects of 
parenteral opioids, improving analgesia and promot- 
ing early ambulation by avoiding significant motor 
block. Although at an early stage of development, it 
appears to be cheap, simple and safe and has recently 
been suggested to improve early outcomes and reduce 
hospital stay. The technique for knee replacement sur- 
gery involves infiltrating the entire surgical site with 
100-120 mL of dilute LA solution such as ropivacaine 
0.1% and then leaving an intra-articular catheter for 
subsequent top-ups. 


SPECIAL SITUATIONS 


Paediatric Techniques 


Most nerve blocks used in adult practice are suit- 
able for use in children, but because of the nature 
of most paediatric surgery and the understandable 
difficulties that may be experienced with patient co- 
operation, only a limited, but increasing, number of 
techniques are commonly used. Many of these are 
used for postoperative analgesia and are performed 
after induction of general anaesthesia; they should 
only be performed by experienced anaesthetists. 
Ultrasound-guidance may be useful for peripheral 
blockade due to the variation in depth and position 
of nerves and to avoid intraneural injection in the 
anaesthetized child. The accurate placement of LA 
can also significantly reduce the dosage required for 
many blocks. 


The disposition of local anaesthetic agents in chil- 
dren differs from that in adults. In children of less 
than 1 year of age, and particularly in the neonate, 
very high plasma concentrations of LA may ensue 
after standard doses based on weight. In children 
exceeding 1 year of age, plasma concentrations are 
consistently lower than would be expected from 
adult data. 

Agents and doses for paediatric blocks are shown 
in Table 24.7. Caudal block for subumbilical surgery 
may be prolonged usefully in the postoperative period 
by the addition of preservative-free S (+)-ketamine 
0.5mg kg". 


Topical Anaesthesia 


This may be achieved with either EMLA (eutectic 
mixture of local anaesthetics) or Ametop (tetracaine) 
cream, held in place with an occlusive dressing. Both 
provide anaesthesia of intact skin which is particularly 
useful before venepuncture in children. EMLA cream 


TABLE 24.7 


Agents and Doses of Local Anaesthetics 
used in Paediatric Practice 


Caudal Anaesthesia 


0.25% bupivacaine 
0.5mL kg" 
1.0mL kg" 


Sacral block 
Low thoracic block 


0.19% bupivacaine (three 
parts bupivacaine 0.25%:one 
part saline) 


1.25mL kg"! Mid-thoracic block 
Penile Block 
0.5% bupivacaine plain 
Body weight Dose 
2.5kg 0.5mL 
10kg 1.0mL 
20 kg 2.0mL 
40kg 4.0mL 
Axillary Block 
0.25% bupivacaine 
Body weight Dose 
10kg 6mL 
20 kg 12mL 
30kg 18mL 
40kg 24mL 


must remain in contact with the skin for at least 1h 
to be effective and may be left in place for up to 5h. 
Ametop is generally effective within 30-45 min, after 
which time the cream and occlusive dressing should be 
removed and the site marked. 
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INTRODUCTION 


An estimated 63% of British adults are above normal 
weight; 26% of these are obese and around 2.5% are 
morbidly obese or higher. These figures are projected 
to rise, with nearly 50% of adults in the obese cat- 
egory by 2030. Britain’s obesity rates are not as high 
as in some other developed and developing coun- 
tries. The scale of the demographic changes and the 
associated multisystem comorbidity mean that the 
obese patient is likely to present across the spectrum 
of healthcare and not simply to the specialist in the 
bariatric field. 


MEASURING OBESITY 


A patient’s mass varies with size and shape. Absolute 
mass can be important when considering factors such 
as equipment safety limits. However, it is more impor- 
tant to reference a person’s expected mass to height. 
The most widely used technique is calculation of Body 
Mass Index (BMI). 


BMI = {mass(kg) / height” (m’)} 


BMI has limitations and may not be representative 
in certain ethnic groups, or in those of athletic build. 
It cannot describe the distribution of weight, nor dis- 
criminate the nature of the excess tissue. However, cal- 
culation of BMI, from two ubiquitous measurements, 
requires the minimum equipment and expertise. 
Hence, it is likely to remain the measure of choice as 
a shorthand to express obesity (Table 25.1, Fig. 25.1). 

The limitations of BMI may account for some of 
the variability in obesity research. Other difficult 
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measures such as hip to abdominal girth ratio and 
skin fold thickness may be better at describing more 
dangerous patterns of fat distribution. Central obesity 
(‘apple-shaped’, predominantly male) carries more 
associated risks than peripheral obesity (gluteofemoral 
or ‘pear-shaped’) often seen in females. 


OBESITY PATHOPHYSIOLOGY, 
COMORBIDITY AND THE 
METABOLIC SYNDROME 


Obesity is a multi-system disorder. The aetiology is com- 
plex and has long been oversimplified. The network of 
contributing factors includes socio-economic, ethnic, 
societal, social and psychological. The underlying and 
acquired pathophysiology cross the traditional boundar- 
ies of medicine to include endocrine, cardiovascular, re- 
spiratory, GI tract, locomotor and psychiatric disorders. 


TABLE 25.1 


WHO Obesity Classes by BMI 
(Other Nomenclatures Included) 


Category BMI (kgm) 
Underweight <18.5 
Normal 18.5-24.9 
Overweight (pre-obese) 25-29.9 
Obese Class | 30-34.9 
Obese Class II (severe to 35-39.9 
morbid) 

Obese Class III (morbid to 40+ 

super) 

(Super obesity) 45-50+ 


COMORBIDITY AND ANAESTHETIC MANAGEMENT 551 


FIGURE 25.1 ™ Body habitus and silhouettes by category. Left to right - normal, overweight and obese. 


The Adipose Organ 


The traditional view of fat tissue has been as a meta- 
bolically inert triglyceride energy store, with insula- 
tion from physical and temperature stress as a useful 
secondary effect. However, fat tissue actually exists as a 
continuum. In particular, hepaticandintra-abdominal 
visceral fat tissue is much more active than previ- 
ously thought. It is known to excrete over 20 me- 
diators. The observed effects are pro-inflammatory 
(cytokines, adipsin), pro-coagulant (plasminogen 
activator inhibitor 1) and endocrine (leptin, resistin, 
adiponectin). 

The underlying biochemical state is probably 
responsible for the common patterns of acceler- 
ated comorbidity observed in morbid obesity. The 
‘metabolic syndrome’ is the name applied to the pat- 
tern of central obesity associated with at least two of 
the following: 


= Hypertension 
= Hyperglycaemia/insulin resistance 
= Dyslipidaemia and atherogenesis 


m Non-alcoholic fatty liver disease 
m Pro-thrombotic and inflammatory state 


COMORBIDITY AND ANAESTHETIC 
MANAGEMENT 


Airway 


The airway of the obese patient should be regarded with 
caution. Traditional teaching and audits of national 
practice predict that the management of the obese pa- 
tient’s airway is likely to be difficult. However, a number 
of studies have demonstrated that, in experienced hands, 
certain aspects of airway management, in particular tra- 
cheal intubation, may be no more difficult than normal. 


Anatomy. In the obese patient, the airway undergoes 
progressive adipose infiltration. This occurs at all 
levels from the oropharynx through to the glottis and 
vocal cords. Adipose infiltration causes progressive 
narrowing and reduction in airway diameter, which 
may reduce by 50% or more from the physiological 
male normal of about 20 mm in the hypopharynx. 
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FIGURE 25.2 


(A) Lateral CT Scout (supine, female, BMI 59 kgm“). Note neck position, ‘free-floating’ head and the potential 


for neck, chest and breast adipose tissue to hinder airway management. (B) Sagittal cross-section (BMI 55 kgm“). Note depth of 
both anterior and posterior airway structures and the extent of airway soft tissue around the 7.5 tracheal tube. 


The effect of adipose deposition on airway anatomy is 
not simply internal. External factors also need to be con- 
sidered. The presence ofa thoracic‘hump can significantly 
affect supine posture, resulting in extension of the neck 
and flexion at the atlanto-occipital (AO) joint. Moreover, 
posterior adipose deposition between the occiput running 
inferior to the spine of T1, can hinder atlanto-occipital 
extension. Hence, in an unsupported supine position, the 
airway of the obese patient can easily become the oppo- 
site of ideal; neck extension and fixed AO flexion. 

Careful positioning is key to successful manage- 
ment of the bariatric airway. This can be achieved 
either using specifically designed equipment, or special 
modifications to normal equipment. In urgent situa- 
tions a number of aids to achieving the position have 
been suggested including multiple towels, fluid bags or 
inflatables. The key is to ensure true neck flexion and 
AO extension. This is best achieved by ensuring that 
the patient posture, in particular neck/head position is 
viewed from the side (Fig. 25.2A and B). 


Airway Adjuncts. A range of products to assist in 
the management of difficult airways exists. Simple 


adjuncts such as oral and nasopharyngeal airways, and 
the use of CPAP can help to splint the airway open. 
Laryngeal mask airway products retain their role 
in airway salvage. Their routine use in the morbidly 
obese patient remains controversial, focusing on con- 
cerns around pulmonary aspiration and optimization 
of pulmonary function. 

Standard laryngoscopes and blades remain the 
default equipment for tracheal intubation, particu- 
larly when combined with careful positioning. Video 
devices may help if additional risk factors exist. Many 
are designed with short-handled bodies, useful if a 
large chest and fixed neck posture limit space. 


Respiratory Pathophysiology 
Anatomy 


Lung size is predicted by height or ideal body mass, 
rather than gross weight. The lung fields of obese 
patients often look small when assessed by chest radi- 
ography (Fig. 25.3). This is an artefact of accommodat- 
ing the patient on the chest X-ray. Total lung capacity 
is usually nearly normal and it is functional spirometry 
which reveals the associated pathology (Fig. 25.4). 


FIGURE 25.3 
obese patient. 


Anteroposterior chest X-ray of a morbidly 
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FIGURE 25.4 ™ Spirometric changes with obesity. Note the 
significant reduction in FRC. TLC, total lung capacity; IC, 
inspiratory capacity; FRC, functional residual capacity. 


In obesity, there is heavy adipose infiltration of the 
chest wall and breast tissue, which leads to decreased 
chest wall compliance and damping of natural recoil 
expansion of the chest wall. This is further exacerbated 
by abdominal wall infiltration and a raised intra- 
abdominal pressure. Additionally, there is peribronchial 
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FRC (L) 


BMI (kg m2) 


FIGURE 25.5 = Changes in functional residual capacity 
(FRC) with increasing body mass index (BMI). (Adapted from 
Pelosi et al (1998).) 


parenchymal fat infiltration. Respiratory muscles dem- 
onstrate fat infiltration and the effect of inflammatory 
mediators. Diminished muscle power and respiratory 
endurance result. 


Pathophysiology 


Total lung capacity and vital capacity reduce in a 
gentle, linear manner with rising weight. The spiro- 
metric observations reflect the change in the balance 
between chest wall and parenchymal forces with ris- 
ing obesity. 


= Functional residual capacity decreases (Fig. 25.5) 
and closing volume increases. Resulting atel- 
ectatic shunt reduces PaO,. At higher levels of 
morbid obesity, tidal ventilation may impinge on 
closing volume even in the standing position. 

= FEV, decreases, although the FEV,/FVC ratio is 
often preserved, particularly with central obesity 
patterns. 

m Work of breathing increases by 70% from low 
levels of obesity to an energy cost 300% higher in 
complicated, high BMI states. The energy cost of 
maintaining adequate minute ventilation is miti- 
gated by a reduction in tidal volume, resulting in 
rapid, shallow breathing at rest. 


The elastic load increases (reduced static compli- 
ance; Fig. 25.6). This is a reflection of both the re- 
duced elastance of chest wall and parenchymal tissue 
and tidal ventilation occurring at lower lung volumes. 
Dynamic compliance (i.e. resistance to gas movement) 
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FIGURE 25.6 ™ Changes in static respiratory system compli- 


ance (Cst,rs) with increasing body mass index (BMI). (Adapted 
from Pelosi et al (1998).) 


also falls. In the lower airway, there is narrowing of the 
small conducting airways. This may be due to multiple 
factors: 


m External compression from parenchymal fat 
deposition 

= A reduction in the part of the lung volume at 
which tidal breathing occurs. 

m Chronic inflammatory changes and increased 
smooth muscle reactivity/bronchospasm. 


CLINICAL RESPIRATORY 
COMORBIDITY 


Asthma 


About 5% of the general population are diagnosed 
as asthmatic. Asthmatic symptoms such as wheezing, 
dyspnoea and reduced exercise capacity are reported 
by around 25% of the obese population; however, 
bronchodilator reversibility may not be found. 
Contradictions in the epidemiological data linking 
obesity and asthma may relate to exacerbating comor- 
bidities in obesity such as gastro-oesophageal reflux or 
the interplay of the proinflammatory and endocrine 
mediators previously described. 


Sleep-Disordered Breathing 


Sleep-disordered breathing describes the spectrum of 
obstructive sleep apnoea, central sleep apnoea, obesity 
hypoventilation syndrome and pathological patterns 
of nocturnal ventilation. 
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Obstructive sleep apnoea can be diagnosed in 4% 
of the general population. However, 60% of these are 
in patients with a BMI >30kgm”. Weight loss of a 
magnitude such as achieved with weight loss surgery is 
associated with symptomatic reduction or resolution 
in approximately 75% of patients. Clinical screening 
tools such as the self-assessed Epworth (sleepiness) 
score and the STOP-—BANG criteria are helpful to tar- 
get more specific investigations such as sleeping oxim- 
etry or full flow and effort-sensitive sleep studies. 

Sleep-disordered breathing is associated with a num- 
ber of comorbid conditions and their sequelae. These 
include systemic hypertension, pulmonary hyperten- 
sion and the cardiovascular consequences of each. 

The full implications of untreated sleep-disordered 
breathing on the perioperative patient are unresolved. 
Presentation as patients who display significant sen- 
sitivity to ventilatory depressants is well recognized. 
Prolonged apnoea/hypoventilation and narcolepsy can 
be found after relatively small doses of opioid. 


ANAESTHETIC MANAGEMENT 
POINTS 


All respiratory and sleep-related comorbidities should 
be identified, investigated and treated. At induction 
of anaesthesia, the use of the reverse Trendelenburg 
(head-up) or tipped beach chair positions maximize 
spontaneous and anaesthetized lung function. FRC on 
induction of anaesthesia can reduce by up to 50%. 

Ventilation volumes should be calculated from 
ideal body weight. Recruitment manoeuvres and PEEP 
of 10 cmH,O maximize lung function and minimize 
shunt. Pneumoperitoneum diminishes the benefit of 
postural changes. 

Postoperatively, balanced analgesia, rapid mobiliza- 
tion, incentive spirometry and physiotherapy may help 
to avoid respiratory morbidity. 


CARDIOVASCULAR 
PATHOPHYSIOLOGY 


In common with other organs, cardiovascular changes 
in obesity are part of a continuum. The nature and 
extent of the pathophysiology relate to the extent and 
duration of being overweight and also the sequential 
effects of associated comorbid processes in other organs. 


Oxygen Demand and Delivery 


Oxygen demand increases in proportion to the in- 
crease in fat-free mass (FFM) rather than in relation 
to the patient’s BMI. FFM increases with total body 
weight (TBW), but with a decreasing curve gradient, 
to a ceiling of approximately 1kg per centimetre of 
height. 

Blood volume describes an inverse hyperbolic rela- 
tionship with increasing BMI. The blood volume: TBW 
ratio decreases from around 70 mLkg" to 40 mlkg” at 
a BMI of 70 kgm”. 

Cardiac output increases with BMI in proportion 
to the square root of the ratio between actual BMI and 
ideal BMI. The increase is linear in relation to body sur- 
face area and fat-free mass gain. Indexed to adipose tis- 
sue mass, fat perfusion decreases as BMI increases. This 
decrease highlights the relatively poor vascular sup- 
ply to peripheral adipose tissue (<150mLkg™ min). 
Early stage increases in cardiac output appear to be 
achieved by blood volume-related preload increases in 
stroke volume, mediated by B-natriuretic peptide inhi- 
bition and aldosterone. The contribution of increased 
heart rate remains relatively minor. 


Cardiac Pathophysiology 


The heart of the obese patient may exhibit a number of 
pathological changes (Fig. 25.7). These may be related 
to either the primary obesity or associated comorbid- 
ity, e.g. hypertension, diabetes, hyperlipidaemia or 
sleep apnoea. 

Echocardiographic evidence suggests that three 
pathological patterns predominate in obesity. 
Concentric remodelling (LV wall thickening short of 
hypertrophy), concentric hypertrophy (hypertrophy 
with increased relative wall thickness) and eccentric 
dilated hypertrophy (thickened hypertrophic LV wall, 
but reduced wall:cavity ratio secondary to dilatation) 
occur. The practical application of these states is the 
recognition of the early existence of reduced ventricu- 
lar wall compliance and ventricular diastolic dysfunc- 
tion. As compensatory cardiac dilatation occurs, there 
is a progressive reduction in systolic contractility. The 
observed paradox of these states is discussed below. 


Electrophysiology 


A number of ECG changes may be recorded in obese 
patients. These may be related to habitus or pathology. 
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m Atrial fibrillation is the commonest arrhythmia 
associated with obesity and the prevalence in- 
creases exponentially with BMI. 

m Voltage magnitudes vary and QRS complex size 
is not reliable for diagnosis. 

m Conduction axis is frequently left-shifted, but 
this may be caused by physical displacement of 
the heart from the normal position and rotation. 


Conduction anomalies are relatively common and 
may relate either to fatty infiltration and fibrosis of the 
conduction system or underlying coronary artery dis- 
ease. PR and QRS prolongation, through fascicle block 
to bundle branch block, are seen and may be benign. 
QTc prolongation appears to have a negative prognos- 
tic value. 


Right Ventricular Pathophysiology 


Right ventricular dysfunction is associated in particu- 
lar with sleep-disordered breathing. The combined 
effects of chronic pulmonary hypertension (nocturnal 
hypoxaemia), with the effects of chronic volume over- 
load (obesity) and progressive left ventricular changes 
lead to right-sided dilatation, systolic and diastolic 
dysfunction and failure. 


VASCULAR DISEASE 


Arterial disease is associated with both primary obesity 
and its comorbid diseases (hyperlipidaemia, diabetes 
mellitus, etc.). Some trials have suggested that there 
may be an absolute risk increase in coronary arterial 
disease of 50% between normal and overweight indi- 
viduals, rising to a hazard ratio of >2.5 in the severely 
morbidly obese. However, confusingly, lower cardiac 
mortality rates are reported in the mildly obese. The 
contradiction may lie partly in the limitations of BMI 
as a measure of the dangerous central obesity pattern. 
For example, controlled for comorbid conditions, pe- 
ripheral vascular disease shows no correlation with 
BMI. However, obesity expressed as waist circumfer- 
ence, waist:hip ratio or waist:thigh ratio has a raised 
vascular risk profile. This unresolved effect is known as 
the obesity paradox. This is the term given to the lower 
mortality observed in obese patients in a number of 
conditions. These include critical illness, congestive 
cardiac failure and eccentric compared to concentric 
cardiac hypertrophy. 
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LIVER 


Adipose tissue in the liver is highly metabolic endo- 
crine and paracrine tissue. There is a close relation- 
ship between liver fat content and insulin resistance. 
In early obesity, insulin sensitivity returns with weight 
loss. Weight loss of 8% reduces liver fat content by 
80%. Non-alcoholic steatohepatitis (NASH) or higher 
grades of non-alcoholic fatty liver disease (NAFLD) 
appear to uniformly precede the development of 
type 2 diabetes. Insulin resistance contributes to 
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Effects of obesity-related cardiomyopathy. 


dyslipidaemia, hyperglycaemia and eventual pancre- 
atic islet cell burn-out. The available data suggests that 
20% of patients with NASH will progress to cirrhotic 
liver disease. 

NAELD alone, or as part of the metabolic syndrome 
(see above) is associated with accelerated atherogen- 
esis, ischaemic heart disease and raised cardiovascular 
mortality. 

Intra-abdominal pressure is raised in obesity 
and increases with BMI. Resting pressure is usually 
around twice normal, at 10 mmHg (Fig. 25.8). During 
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FIGURE 25.8 © Relationship between body weight and 
intra-abdominal pressure. (Adapted from Pelosi et al (1999).) 


laparoscopic procedures, the pneumoperitoneal pres- 
sure may need to be high to allow adequate vision. 
Care should be taken because pressures of 15 mmHg or 
higher have been shown to significantly reduce femo- 
ral vein, gut, visceral and portal blood flows. Measures 
such as positioning and adequate relaxation should be 
addressed first. 


Gastro-Oesophageal Reflux 


Meta-analysis supports the traditional view that 
increasingly obese patients are at higher risk of gastro- 
oesophageal reflux. The direct causal nature of the 
relationship is ill-defined. However, reported symp- 
toms are present 2-3 times more frequently in the 
obese compared to the general population. Detrimental 
factors such as higher gradient pressures, residual 
volumes and dysmotility may outweigh factors such as 
enhanced gastric emptying. 


PHARMACOLOGY 


Patients who are obese may display altered pharma- 
cokinetics and pharmacodynamics (Table 25.2). These 
factors have clinical relevance. The application of basic 
concepts such as drug solubility, compartment vol- 
umes, transportation and metabolism may be helpful. 
However, the interactions are complex and reference 
to published data should be made. For these reasons, 
controversy remains and particular care should be 
taken with the use of target controlled infusion algo- 
rithms developed for patients of normal weight. 
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TABLE 25.2 


Factors Which Affect the Pharmacokinetic and 
Pharmacodynamic Properties of Drugs in Obesity 


Kinetic Property Effect of Increasing Obesity 


Blood volume and cardiac Increase 


output 


Adipose and lean body mass Increase 


Hepatic blood flow and Increase 


glucuronidation rate 


GFR and renal excretion Increase 


Cytochrome P450 isoenzymes Variable 


Renal tubular reabsorption Decrease 


Intravenous Induction Agents 


Blood volume, cardiac output and vessel-rich tissue 
(approximates to fat-free mass/lean body mass) are en- 
larged in the obese. A bolus of intravenous induction 
agent based on ideal body weight is therefore likely to 
exhibit lower peak plasma concentration and a faster 
redistributive decay, i.e. less likely to reach effective 
anaesthetic brain tissue concentrations and have effect 
for a shorter duration. For this reason, in general, the 
dose of an intravenous induction agent in the obese 
should be calculated allowing for the increases in car- 
diac output and lean body mass. 


Inhalational Agents 


There are a number of theoretical concerns regard- 
ing the use of inhalational agents. Decreased FRC, 
increased cardiac output, lipid solubility and adipose 
mass might be predicted to affect both wash-in and 
wash-out curves. However, these do not appear to 
translate into clinical problems. A majority of bar- 
iatric practitioners have a preference for lower lipid 
solubility agents such as desflurane and sevoflurane. 
However, the 63% alveolus:fat equilibrium times are 
22h for desflurane and 35h for isoflurane. This would 
suggest that, in routine use, the build-up of an adipose 
store has little clinical relevance. 


Muscle Relaxants 


Suxamethonium. Suxamethonium has traditionally 
been the drug of choice for facilitating tracheal intu- 
bation in the obese. This has largely been driven by 
concerns about the need for rapid sequence induction, 
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the potential for difficult intubation and the difficulty 
of managing the airway with a face mask and airway 
adjuncts. Morbidly obese patients have been shown 
to have increased pseudocholinesterase activity and a 
larger immediate distribution volume. Dosing based 
on 1mgkg" total body weight has been demonstrated 
to give better intubating conditions than dosing by 
ideal body weight or lean body weight, but at the ex- 
pense of approximately 90 additional seconds before 
return of spontaneous breathing. 


Non-Depolarizing Agents. The quaternary ammo- 
nium group makes non-depolarizing relaxants highly 
ionized and generally poorly lipophilic. This limits 
their distribution to extracellular fluid. Dosing based 
on total body weight uniformly leads to a prolonged 
duration of action. Consensus suggests that dosing on 
the basis of ideal body weight is predictable and ac- 
ceptable, although some authorities suggest that cor- 
rection for body surface area may be more precise. 


Reversal Agents. Limited data exists for the most ap- 
propriate dose of neostigmine in the morbidly obese. 
Dosing studies suggest that if a suboptimal ceiling ef- 
fect is observed with neostigmine, full twitch height 
recovery from this point in the morbidly obese patient 
is prolonged. 


Sugammadex. The cyclodextrin sugammadex rapidly 
and selectively binds rocuronium (and vecuronium 
to a lesser extent) to form inactive complexes. 
Consequently, there is an agent-specific alternative to 
neostigmine and, because of the speed of the reversal, 
the possibility for a two-agent alternative to suxame- 
thonium for rapid sequence induction. Dosing of su- 
gammadex by total body weight is currently advised 
in all patients. However, some emerging data suggests 
that a dose based on a modification of lean body mass 
may be effective. 


BARIATRIC OPERATIONS 


Control of weight, appetite and calorific balance is 
complex, multisystem and multifactorial. Dietary 
measures alone are often an ineffective longer term 
solution and lead to weight oscillation. Weight-loss 
surgery encompasses a number of techniques. Some 
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simply restrict the passage of food and create a feel- 
ing of gastric fullness; more complicated procedures 
have dramatic hormonal effects on comorbidity such 
as diabetes. These latter procedures may be referred to 
as metabolic surgery. 


Gastric Banding 


Gastric banding is a restrictive technique. The band 
restricts the passage of food moving from the oe- 
sophagogastric junction. This causes early dilation and 
stretch of the junction. Usually, this occurs only when 
the stomach is absolutely full. The stretching of this 
area sends inhibitory signals to the thalamic satiety 
centre, inhibiting appetite. 

A tract is formed by blunt dissection around the 
back of the top of the stomach and an inflatable sili- 
cone strip is inserted, and fixed to form a ring around 
the fundus. A port site is inserted underneath the 
skin and attached to the band by tube. By adjusting 
the degree of inflation of the band with saline, deliv- 
ered transcutaneously to the port site, the degree of 
restriction of eating and the speed of weight loss can 
be controlled effectively. The ability to adjust the band 
means that the technique is more effective than, and 
has therefore replaced, techniques such as vertically 
banded gastroplasty. 


Sleeve Gastrectomy 


Sleeve gastrectomy achieves approximately 50% excess 
weight loss. The operation involves surgical removal of 
the greater curve of the stomach, including the fundus. 
The effect on appetite of stretch of the oesophagogas- 
tric junction at low volumes is similar to that of band- 
ing. However, there is a further hormonal effect. The 
removal of the fundus causes a reduction in the level 
of ghrelin production. Ghrelin is a positive orexigenic 
hormone which ultimately acts via YR, receptors on 
the arcuate nucleus. The lack of ghrelin shifts the ar- 
cuate signal balance towards anorexia and increased 
metabolism. 


Malabsorbtive Procedures 


Many procedure variations exist, having been refined 
over time. In this type of surgery, a restrictive pouch 
is formed from the stomach (approx. 4 or 5 mouthfuls 
of food) and food is diverted away from the pancreas, 
biliary tree and duodenum, mixing with the digestive 
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juices only at a distal small bowel anastomosis forming 
a short (approx. 100cm) common limb before the co- 
lon. The commonest of these procedures is now prob- 
ably the roux-en-Y gastric bypass. 

Improvement and resolution of comorbid condi- 
tions such as type II diabetes and hypertension occur 
much faster and more frequently than would simply 
occur with the expected 70% excess weight loss. 


POSTOPERATIVE CARE OF THE 
OBESITY SURGERY PATIENT 


It has proved difficult to establish exactly how many 
bariatric weight loss operations are carried out each 
year in the UK. It is likely that this figure is around 
6000 per year. Consequently, it is increasingly likely 
that anaesthetic practice will encompass those who 
have had previous surgery. 

Presentations associated with the surgical proce- 
dure include the following. 


= Band slippage, band erosion, band infection 
m Perforation (early and late) 

= Fistula formation 

m Obstruction herniation (bypass) 


Weight Loss and Malnutrition 


Patients who undergo weight-loss surgery submit 
to undergo life-long follow-up. They will receive 


continuing dietetic advice and dietary supplementa- 
tion, as required. Patients who are outside follow-up 
programmes are at higher risk of failed weight loss, 
and dietary difficulty and complications. 

To achieve sustainable weight loss after bariatric 
surgery, it should be achieved gradually, over a period 
of six months to around two years. Rates of weight loss 
in excess of this may give a higher risk of failure. 

When dealing with a patient who has undergone bar- 
iatric surgery, the following points should be considered. 


m A careful history should be taken, including ob- 
taining information about the operating centre, 
follow-up arrangements and weight history. 

= It is prudent to consult an expert centre for ad- 
vice. Consider band deflation and be aware of 
post-surgery anatomical alterations. 

m Care should be taken in the use of modified- 
release medications. Mechanisms differ and may 
be severely affected in patients who have under- 
gone bariatric surgery. 


FURTHER READING 


Alvarez, A., Brodsky, J.B., Lemmens, H.J.M., Morton, J.M. (Eds.), 
2010. Morbid obesity. Cambridge University Press, Cambridge. 
Ortiz, V.E., Wiener-Kronish, J. (Eds.), 2010. Perioperative anaes- 
thetic care of the obese patient. Informa Healthcare. 

Pelosi, P., Croci, M., Ravagnan, I., et al., 1998. The effects of body 
mass on lung volumes, respiratory mechanics, and gas exchange 
during general anesthesia. Anesth. Analg. 87, 654—660. 


DAY-CASE ANAESTHESIA 


day-case patient is one who is admitted for 


investigation or operation on a planned non-resident 
basis. Patients are usually discharged from the hospital 
or unit later on the day of the procedure. The proce- 
dure may require general, regional or local anaesthesia, 
sedative techniques or a combination of these. 

The NHS plan predicts that 75% of all elective op- 
erations will be carried out as day cases. According to 
the British Association of Day Surgery (BADS), pa- 
tients support day surgery because it provides timely 
treatment, less risk of cancellation, a lower incidence 
of hospital-acquired infection and an earlier return to 
normal activities. Procedures commonly selected for 
day-case care are those which take <60 min to com- 
plete and which do not cause severe haemorrhage 
or produce excessive amounts of postoperative pain 
(Table 26.1). Increasingly complex cases are now per- 
formed as day-case procedures, including laparoscopic 
cholecystectomy and tonsillectomy. By extending day 
surgery opening hours and using staggered admission 
times, patients who would normally require hospital 
admission may be treated as day cases. The British 
Association of Day Surgery (BADS) publishes guide- 
lines and protocols for the management of specific 
issues: for example, day surgery for patients with dia- 
betes. BADS has also published a list of 25 procedures 
which should normally be undertaken as day cases. 
The NHS Modernisation Agency audited current day 
surgery rates for these procedures and set target rates 
for individual hospitals. 

Achievement of a pain-free ambulant patient re- 
quires skilful patient selection and experienced an- 
aesthetists and surgeons working within a day surgery 


560 


unit. Large-scale reports have indicated that day surgery 
represents a safe, cost-effective and efficient practice. 
Advantages include decreased risks of nosocomial in- 
fection and deep venous thrombosis, less social disrup- 
tion to patients and their families and minimal need 
for inpatient hospital resources. Therefore we now face 
the challenge of providing faster recovery, more rapid 
discharge and better pain relief for these patients. 


PATIENT SELECTION 


The selection of patients for day-case surgery is of vi- 
tal importance if maximum use is to be made of the 
resources in the day-case unit and also to facilitate 
smooth running of the unit. The selection of patients 
must take into account two separate aspects: firstly, the 
patient’s state of health, and secondly, his or her social 
circumstances. Patients should normally be ASA I or II, 
or medically stable ASA III. Recent reviews have shown 
that patients with a body mass index of >35kgm~* do 
not have an increase in unplanned admission rates 
or postoperative complications. The Association of 
Anaesthetists of Great Britain and Ireland has recom- 
mended that obese patients should not be excluded 
from day surgery based on their BMI measurement 
alone. There is no evidence of significant morbidity 
in the immediate postoperative period when treating 
morbidly obese patients as day-cases. Although an 
increased risk of adverse events occurring intraopera- 
tively and in the immediate recovery period in obese 
patients has been reported, these have not been shown 
to increase the incidence of unplanned admission 
significantly. 


TABLE 26.1 


A Selection of Surgical Procedures 
Commonly Undertaken as Day Cases 
Gynaecology 


Dilatation & curettage, laparoscopy, vaginal termination of 
pregnancy, colposcopy, hysteroscopy 


Plastic Surgery 


Dupuytren’s contracture release, removal of small skin lesions, 
nerve decompression 


Ophthalmology 


Strabismus correction, cataract surgery, lacrimal duct probing, 
examination under anaesthesia 


ENT 


Adenoidectomy, tonsillectomy, myringotomy, insertion of 
grommets, removal of foreign body, polyp removal, submucous 
resection 


Urology 


Cystoscopy, circumcision, vasectomy, transurethral bladder 
resection 


Orthopaedics 


Arthroscopies, carpal tunnel release, ganglion removal, bunion 
operation, removal of metalwork 


General Surgery 


Breast lumps, herniae, varicose veins, endoscopy, laparoscopic 
cholecystectomy, haemorrhoidectomy, anal fissure dilatation 


Paediatrics 


Circumcision, orchidopexy, squint, dental extractions 


Evidence has shown that many elderly patients 
cope better at home. Careful preoperative assess- 
ment should highlight patients who will require an 
extended time in hospital. Elderly patients are more 
likely to have comorbidities and these patients should 
be assessed according to their physiological rather 
than their chronological age. Careful medical and so- 
cial preoperative assessment is required to help elderly 
patients to benefit from shorter hospital stays with less 
risk of postoperative confusion. The patient should 
stay a minimum of a 1-h drive from the hospital on 
the night following surgery and they should have an 
adult escort available for the first 24h. An example of 
guidelines used for patient selection for day-case an- 
aesthesia is shown in Table 26.2. 
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TABLE 26.2 


Guidelines for Patient Selection for Day-Case 
Surgery Under General Anaesthesia 


ASA 1 or 2 and medically stable ASA 3 
Age: >52 weeks post-conceptual age 
Weight: body mass index=weight/height? (kg m~?) 
<35: acceptable 
>35: discuss with anaesthetic department 
Generally healthy, i.e. can climb two flights of stairs 


Exclusions 


Cardiovascular 
MI/TIA/CVA within 6 months 
Hypertension: persistent diastolic pressure >110 mmHg 
Unstable angina 
Arrhythmias 
Heart failure 
Poor exercise tolerance 
Symptomatic valve disease 
Respiratory 
Acute respiratory tract infection 
Asthma requiring regular B,-agonists or steroids 
Metabolic 
Alcoholism /narcotic addiction 
Insulin-dependent diabetes 
Renal failure 
Liver disease 
Neurological/musculoskeletal 
Severe arthritis of jaw or neck 
Cervical spondylosis/ankylosing spondylitis 
Myopathies/muscular dystrophies/ myasthenia gravis 
Advanced multiple sclerosis 
Epilepsy >3 fits per year 
Drugs 
Steroids 
Monoamine oxidase inhibitors 
Anticoagulants 
Antiarrhythmics 
Insulin 


The selection of patients for day-case surgery is 
made at the time of outpatient consultation and 
routine measurement of pulse rate and blood pres- 
sure, urine analysis and other relevant investigations 
(e.g. ECG, full blood count and sickle cell testing) 
are performed; performance of these routine tests 
minimizes the number of problems when patients 
are admitted on the day of surgery. A standardized 
patient health/anaesthesia questionnaire and pre- 
liminary nurse assessment with appropriate referral 
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for anaesthetic consultation minimize difficulties 
encountered on the day of surgery. Pre-assessment 
clinics provide an opportunity to educate patients 
and have been shown to reduce both cancellations 
by patients and unnecessary preoperative investi- 
gations. Children should be treated as day cases if 
possible and children scheduled for day-case pro- 
cedures should be healthy and usually ASA I or II. 
Premature babies who have not reached 52 weeks 
post-conceptual age should not be considered for 
day-case surgery because of the risk of postopera- 
tive apnoea, and special consideration should be 
given to babies who have been receiving ventilatory 
support. The parent must be able to cope with the 
pre-procedure instructions and with the care of the 
child following treatment. The parent must agree to 
day treatment and be available to stay throughout 
the day although there may be exceptions for older 
children who attend regularly. Home facilities and 
travelling conditions should be taken into account. 
Following a general anaesthetic, the use of public 
transport is inappropriate. 

Following selection of a patient for day-case sur- 
gery, the nature of the operation and the routine of 
management are explained fully to the patient and 
the consent form may be signed. Many units issue the 
patient with explanatory leaflets, CDs/DVDs or even 
podcasts explaining the procedure. A date for surgery 
can then be arranged and registration completed, as 
for an in-patient admission. It is wise to book any 
pathological or radiological investigations which are 
required well in advance of the day of admission. 

The patient should be given written instructions 
detailing the date and time of attendance at the day 
unit, with written instructions relating to preoperative 
starvation and the patient’s regular medication, e.g. 
antihypertensives, should be taken as usual but oral 
hypoglycaemics must be omitted on the morning of 
surgery. These instructions should be written clearly 
in plain English (or another appropriate language). 
The patient is usually advised not to eat anything from 
midnight for a morning operating list. 

Recent clinical studies suggest that overnight fasting 
may not be required in adults or children. Pulmonary 
aspiration occurs usually in emergency abdominal and 
obstetric procedures where there may be complicating 
factors such as recent food and fluid intake, trauma 


or administration of opioid analgesics. These factors 
do not normally apply to healthy elective day-case pa- 
tients. The universal order of nil by mouth from mid- 
night should apply only to solids. Clear fluids should be 
allowed until 3h before the scheduled time of surgery. 
The effect of giving patients 150 mL of clear fluid 2 h be- 
fore general anaesthesia for termination of pregnancy 
has been studied; the results showed that clear fluids do 
not increase the incidence of regurgitation or vomiting 
during anaesthesia and the postoperative period and 
that preoperative thirst was decreased in the clear fluid 
group. It is advisable to ask patients who smoke to re- 
frain from smoking for 4—6 weeks before the operation. 
Patients should be asked to bring with them all tablets 
and medicines which they take regularly. 


ORGANIZATION OF THE 
DAY-CASE UNIT 


Types Of Unit 


In order to help improve the number of day-case op- 
erations, BADS has produced a directory of 160 pro- 
cedures. Attached to each of these procedures are four 
possible management options. 


m Procedure room; an operation which can be per- 
formed in a suitable clean environment outside 
the operating theatre. 

m Day surgery; traditional day surgery. 

m 23-h stay; patient admitted and discharged 
within 24h. 

= Under 72-h stay; patient admitted and discharged 
within 72h. 


There are three common types of day-case unit. 


m A unit within a hospital complex, but with sepa- 
rate staff, wards and operating theatre; this is 
functionally the most flexible type as it may be 
adapted to the varying requirements of day-case 
patients. 

= A unit with a separate ward, but using the 
hospital’s main operating theatre complex. 

m Outside the UK, it is common for a separate cen- 
tre to have its own operating theatres and wards 
remote from a conventional hospital. This type 
of unit has now been introduced into the UK. 


Ideally, day surgical units should not be freestand- 
ing but situated on in-patient hospital sites. The ward 
area should be close to the operating theatre to reduce 
portering time, particularly when short operations are 
performed. This arrangement also enables parents to 
accompany their children to the anaesthetic room if 
this is desirable. 

Preferably, the unit should be near a car park and 
well signposted to facilitate the prompt arrival of pa- 
tients and to avoid unnecessary delays. 


Facilities Available 


The accommodation should ideally include the 
following. 


m An admission area, which includes reception, 
treatment and examination rooms, a nurses’ sta- 
tion, lavatories, a playroom and a discharge area. 

m An anaesthetic room, fully equipped and large 
enough to allow free access around the patient’s 
trolley to permit the use of local or general an- 
aesthesia. There should be good lighting, scav- 
enging, piped gases and suction equipment, 
anaesthetic machine and monitoring equipment. 
The hazards and risks of general anaesthesia for 
day surgery are no less than those associated with 
elective in-patient surgery; indeed, in some re- 
spects they may be greater and the facilities pro- 
vided must be at least comparable. 

m An operating theatre, which should be of the 
same specification as the in-patient equivalent. A 
good operating light, air conditioning and piped 
services are required, in addition to the usual 
scrub-up and autoclave facilities. There is always 
the possibility of a minor operation developing 
unexpectedly into a major operation and this de- 
mands that the theatre is equipped to deal with 
that eventuality. 

m A fully equipped recovery room, which must al- 
ways be equipped and staffed for the safe recov- 
ery of patients following general anaesthesia. 
Piped gas supplies and resuscitation equipment 
are mandatory and the full range of monitor- 
ing and ventilation equipment must be readily 
available. 


Other facilities which should be available include 
office space, an equipment store, staff changing and 
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locker rooms, a staff room, a pantry to make drinks 
and lavatories for patients, parents and staff. 


Admission 


Patients should be admitted to the day ward in adequate 
time for history-taking and examination. The results of 
any investigation requested as an outpatient should be 
available and noted. Patients should receive an identity 
bracelet and their name should be entered into the nurs- 
ing record. The surgeon should ensure that the indica- 
tion for surgery is still present, e.g. presence or absence 
of lumps to be removed, because it may be several weeks 
since the clinic appointment. The consent form should 
be signed if not already done during the outpatient ap- 
pointment, and the operation site clearly marked. 

Venous thromboembolism prophylaxis should be 
provided according to local hospital policy based on 
the risk factors which are present. It is also important 
that careful attention is paid to WHO checklists and 
procedures, to maximize patient safety in the day-case 
environment. 

A pregnancy test in women of fertile age may need 
to be performed if there is any risk of pregnancy. 
Staggering patient admissions decreases waiting times 
and improves the efficiency of the unit. Using dedi- 
cated paediatric day-case lists ensures an appropriate 
staffing mix for these patients. The use of separate op- 
erating lists for local anaesthesia and general anaesthe- 
sia may improve throughput, as does the introduction 
of day-surgery operating trolleys. 


ANAESTHESIA 


Premedication 


Most anaesthetists do not routinely prescribe pre- 
medication for day-case surgery because it is usually 
unnecessary and for fear of delaying recovery and 
discharge. Premedicant drugs that may be used if re- 
quired include the following. 


Benzodiazepines 


It is thought that sedative premedication may prolong 
the recovery time and delay the patient’s discharge 
from hospital. However, a double-blind study of te- 
mazepam premedication for day surgery found effec- 
tive anxiolysis in the patients who received temazepam 
10 or 20mg; there was no delay in recovery times as 
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measured by memory test cards and all patients were 
discharged from the day unit within 3h after admin- 
istration of general anaesthesia. Oral midazolam has 
been used as a premedicant in day surgery, but it was 
found that it produced a delay in immediate and late 
recovery compared with temazepam. 


Antiemetics 


If patients are at high risk of postoperative nausea and 
vomiting (PONV), antiemetics may be administered 
orally before operation, or via the intravenous or rectal 
routes perioperatively. Apfel et al (2002) developed a 
simplified PONV risk score and suggested the use of pro- 
phylactic antiemetics for any patient with two or more 
of the following: female gender; past history of motion 
sickness or PONV; non-smoker; and use of postopera- 
tive opioids. However, risk scores such as this have no 
more than a 70% chance of predicting PONV. 


Antacids 


If there is a risk of acid reflux, H,-antagonists are com- 
monly prescribed as a premedication in day surgery. 


Analgesics 


Oral non-steroidal anti-inflammatory drugs (NSAIDs) 
and paracetamol may be given preoperatively. Some 
day-case units administer paracetamol routinely to 
all patients unless there are specific contraindications. 
Oral COX II inhibitors have better gastrointestinal 
side-effect profiles than NSAIDs and less antiplatelet 
effects. Dermal application of tetracaine (ametho- 
caine) over a vein has a useful role preoperatively for 
children and nervous adults or those with a needle 
phobia because it acts within 20min and does not 
cause local vasoconstriction. 


General and Regional Anaesthesia 


General, local or regional anaesthesia may be admin- 
istered safely to day-case patients. The choice of tech- 
nique should be determined by surgical requirements, 
anaesthetic considerations and the patient’s physical 
status and preference. 


General Anaesthesia 
The choice of induction and maintenance agent de- 


pends upon the requirements of the patient and 
the preferences of the anaesthetist. The anaesthetic 


induction agent used in day-case anaesthesia should 
ensure a smooth induction and good immediate re- 
covery with minimal postoperative sequelae and a 
rapid return to street fitness. 

Propofol is the induction agent used routinely in 
day-case anaesthesia. One of its main advantages is the 
ease and rapidity with which patients recover. Patients 
are clear-headed and have a low incidence of PONV. 
The inhalational agent sevoflurane may be used for in- 
duction of anaesthesia. It is non-irritant to the airways 
and has the advantages of rapid induction in both chil- 
dren and adults, minimal cardiovascular side-effects 
and a rapid recovery profile. However, sevoflurane 
causes more PONV than propofol. 

Both sevoflurane and desflurane have been marketed 
as ideal agents for maintenance of anaesthesia for day- 
case surgery, with favourable recovery profiles and more 
rapid awakening than those associated with isoflurane. 
However, both sevoflurane and desflurane have been 
associated with emergence delirium because of rapid 
awakening, especially in children. In addition, desflu- 
rane is less suitable for spontaneously breathing sub- 
jects because it is more irritant to the airways than either 
sevoflurane or isoflurane. The use of nitrous oxide for 
maintenance of anaesthesia has been shown to increase 
the risk of PONV; however, its use does reduce the re- 
quirements for volatile agents and may reduce the risk 
of intraoperative awareness. Target-controlled infusion 
(TCI) of propofol with or without an infusion of the 
ultra-rapid-acting opioid remifentanil minimizes the 
risk of PONV and results in short recovery times; how- 
ever, the analgesic effect of remifentanil is very short and 
other analgesic drugs must be administered to deal with 
analgesia for anticipated postoperative pain. 

A clear airway is a fundamental requirement of safe 
anaesthesia. The laryngeal mask airway (LMA) is used 
widely, avoids the need for tracheal intubation and ex- 
tubation, and thus improves turnaround time between 
cases. Many anaesthetists use the LMA for procedures 
which were thought formerly to need tracheal intuba- 
tion, such as tonsillectomy or laparoscopy. The ProSeal 
LMA provides a higher pressure seal than a conven- 
tional LMA and has an internal lumen which aids the 
escape of gastric contents if necessary. There is now 
a wide choice of alternative supraglottic airway de- 
vices available. However, a rapid-sequence induction 
technique with tracheal intubation is still required for 


patients identified as being at risk of regurgitation and 
aspiration of gastric fluid; this is not a contraindica- 
tion to day surgery. 

The choice of muscle relaxant depends on the an- 
ticipated duration of surgery. Succinylcholine is associ- 
ated with muscle pains, especially in ambulant patients, 
and for all but the shortest procedures is not ideal in the 
day-case setting (except when rapid-sequence induc- 
tion is required). Of the non-depolarizing muscle re- 
laxants (NDMRs) currently available, atracurium and 
vecuronium have relatively short durations of action 
when used in appropriate doses and are readily antago- 
nized after 15-30 min. Mivacurium has an even shorter 
duration of action because it undergoes rapid hydro- 
lysis by plasma cholinesterase, but a small number of 
patients may suffer prolonged muscle paralysis follow- 
ing the use of mivacurium because of a plasma cholin- 
esterase deficiency. Rocuronium may have a role to play 
because it has a more rapid onset of action than any of 
the other NDMRs, providing good intubating condi- 
tions within 60-90 s following a dose of 0.6 mgkg™' and 
a duration of action of 30—45 min. Cisatracurium, the 
stereoisomer of atracurium, has a slightly longer dura- 
tion of action compared with that of atracurium but 
without the side-effect of histamine release. 

The relatively new reversal agent sugammadex 
is now available for the reversal of the effects of 
rocuronium and vecuronium. Sugammadex is able 
to reverse profound rocuronium-induced muscle 
relaxation. This has advantages over the more conven- 
tional reversal agent neostigmine if reversal is required 
soon after the administration of vecuronium. There 
may be specific advantages associated with the use of 
this agent in obese patients, or those with a difficult 
airway, in whom rapid return of neuromuscular func- 
tion is desirable. 


Regional Anaesthesia 


Spinal anaesthesia has been used for day-case anaes- 
thesia, but the side-effects of post-dural puncture 
headache (PDPH) and motor weakness may delay dis- 
charge. Smaller-gauge pencil-point spinal needles have 
reduced the incidence of PDPH to <1% in patients 
aged >40 years. Shorter-acting local anaesthetics may 
increase the use of day-case spinals in the future; how- 
ever, intrathecal lidocaine has been associated with 
transient neurological symptoms and is not licensed 


ANAESTHESIA 565 


for intrathecal use in the UK. Prilocaine, mepiva- 
caine and pethidine have also been used for outpa- 
tient spinals in other countries, including the United 
States, and hyperbaric prilocaine is now available 
in the UK. The new preservative-free preparation of 
2-chloroprocaine may provide acceptable anaesthesia 
and discharge times with low potential for transient 
neurological symptoms, but more clinical trials are 
needed. Low-dose bupivacaine (3mL of 0.17%) has 
been used successfully for knee arthroscopy with times 
to discharge of 190 min. The addition of fentanyl 10 ug 
increases the duration of sensory blockade without af- 
fecting discharge times. 

Local anaesthetic blocks are an excellent choice 
for day-case patients because of the low incidence 
of PONV and the provision of good postoperative 
analgesia. Many anaesthetists now use ultrasound- 
guided nerve blockade routinely to improve success 
rates, reduce the volume of local anaesthetic required 
and hopefully reduce the incidence of complications. 
Inguinal hernia repair is performed commonly under 
an ilioinguinal nerve block and local infiltration. For 
operations on the hand or arm, axillary or mid-humeral 
approach to brachial plexus block is preferable to the 
supraclavicular approach to minimize the risk of pro- 
ducing a pneumothorax, which may become apparent 
only after discharge. Intravenous regional anaesthesia 
(Bier’s block) is another alternative for hand opera- 
tions provided that effective exsanguination of the arm 
is achieved before performing the block. 

Caudal block is used to reduce pain in paediatric pa- 
tients after circumcision, herniorrhaphy, hypospadias 
or orchidopexy, using 0.25% plain bupivacaine; this 
provides excellent postoperative analgesia. Whenever 
a caudal block is administered for analgesia, care must 
be taken to ensure that motor strength is not com- 
promised. There does not appear to be any advantage 
in using more concentrated solutions than 0.25% 
bupivacaine. Penile block and the application of local 
anaesthetic cream are also effective for circumcision. 

Intra-articular local anaesthetics are useful fol- 
lowing arthroscopy of the knee or shoulder. Femoral 
nerve block has been found to give superior analgesia 
to patients going home after anterior cruciate ligament 
repair and, combined with sciatic nerve block, reduces 
admission rates for complex knee surgery. Regional 
catheter techniques such as continuous interscalene 
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brachial plexus block using a portable infusion pump 
allow a local anaesthetic infusion to continue at home. 
Analgesia is improved and side-effects from opioids 
are minimized. Guidance from community outreach 
teams improves efficacy and patient satisfaction. New 
elastomeric pumps which slowly infuse local anaes- 
thetic solution at a fixed rate and which incorporate an 
air filter have been used safely on an outpatient basis. 
These pumps do not need a power source and deliver 
local anaesthetic directly to the surgical site. 


POSTOPERATIVE CARE 


Recovery from anaesthesia is an important aspect of 
day-case anaesthesia. The recovery area should be pro- 
vided with the same range of monitoring equipment 
and resuscitation facilities as available in an in-patient 
facility. Many day surgery units in the UK now have 
three separate recovery areas: the first stage is for the 
immediate postoperative period, when patients re- 
quire one-to-one nurse-to-patient care and monitor- 
ing; the second involves lower nursing dependency 
care where the patient is not attached to monitoring, 
but is mobilizing and usually given food and drink; 
and the third stage is the discharge area. The overall 
responsibility for assessing when patients are ready to 
go home is that of the clinicians involved. Often, ex- 
perienced nursing staff who work regularly in the day 
unit become very good at detecting potential problems 
with day-case patients. 

Postoperative pain control should be started pre- 
or intraoperatively by supplementing intravenous or 
inhalational anaesthesia with a combination of a non- 
steroidal anti-inflammatory drug (NSAID), paracetamol 
(especially in children), a short-acting opioid analgesic 
and local/regional block intraoperatively. Awakening 
is smoother and discharge home is quicker. The most 
frequently used drugs to provide intraoperative an- 
algesia are fentanyl and alfentanil; the relatively short 
duration of action of these drugs makes them suitable 
for use in day-case anaesthesia. The provision of good 
postoperative analgesia is primarily the responsibility 
of the anaesthetist. Anaesthetists may do little to limit 
the number of patients requiring admission for surgi- 
cal complications, but do play a major role in reduc- 
ing admissions caused by pain or vomiting. NSAIDs, 
e.g. diclofenac, are useful for provision of postoperative 


analgesia in day-case patients. COX II inhibitors are 
available as intravenous or oral preparations and have 
better gastrointestinal side-effect profiles than NSAIDs 
and fewer antiplatelet effects. An intravenous prepa- 
ration of paracetamol is available and provides good 
analgesia without side-effects. Multimodal analgesia 
reduces the requirement for postoperative opioids. 

Factors contributing to postoperative nausea and 
vomiting include a previous history of PONV, gender 
(females are more susceptible), the use of longer-acting 
opioid analgesic drugs such as morphine, the choice of 
anaesthetic technique or agents, operative procedure, 
pain, sudden movement or position change, history 
of motion sickness, hypotension, obesity, day of men- 
strual cycle and high oestrogen levels. A relationship 
between pain and the frequency of nausea and vomit- 
ing in the postoperative period has been established. 
There is controversy regarding the use of opioid an- 
algesics in the day-case patient because they may in- 
crease PONV. Several studies have shown that, if an 
opioid-nitrous oxide anaesthetic is given, the occur- 
rence of PONV is greater compared with an inhala- 
tional anaesthetic. In contrast, there are studies that 
have demonstrated that an opioid-supplemented an- 
aesthetic technique results in earlier ambulation and 
discharge. PONV may be treated with intravenous 
5-HT, antagonists, dexamethasone or cyclizine, and 
intramuscular prochlorperazine. Adequate hydration 
and analgesia are also of paramount importance. 

In general, discharge of the patient should not take 
place until the patient is able to sit unaided, walk in a 
straight line and stand still without swaying. Usually, 
patients have been able to drink and eat (this also dem- 
onstrates the absence of nausea). A responsible person 
should be present to escort the patient home and both 
the responsible person and the patient should be given 
verbal and written discharge instructions and an ad- 
equate supply of oral analgesic drugs for at least 3 days. 
The patient should be advised to refrain from activities 
such as driving a car, operating machinery and drink- 
ing alcohol for 24h. Communication with the patient’s 
general practitioner is very important to ensure aware- 
ness of the operation performed and the requirements 
for postoperative follow-up. A follow-up telephone 
call to the patient after discharge should highlight any 
specific problems. Table 26.3 displays typical discharge 
criteria for day-case patients. 
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TABLE 26.3 


Discharge Criteria for Day-Case Patients 


Stable vital signs for at least 1h 


Orientated in time, place and person 


Adequate pain control 


Minimal nausea, vomiting or dizziness 


Adequate oral hydration 


Minimal bleeding or wound drainage 


Able to pass urine 


Responsible escort 


Discharge authorized by appropriate staff member 


Written and verbal instructions given to patient 


Suitable analgesia provided 


Patient hotels are a relatively new concept. The pa- 
tient spends the first postoperative night in a hotel near 
to the day surgery unit where there is a resident nurse. 
These have been used so far for patients who have had, 
for example, a tonsillectomy. Patient hotels are cheaper 
than an in-patient overnight stay and are useful for 
patients who live too far from the day unit to be con- 
sidered under normal circumstances for day surgery. 

Each day-care unit should have an established system 
for audit of outcomes related to anaesthesia and include 
these outcomes in quality assurance and peer review 
processes. Reasons for non-attendance, cancellation and 
unplanned overnight admission should be assessed. 
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here are many techniques and considerations 
which are common to both urological and gynaecological 
anaesthetic practice. As in other areas of surgery, increas- 
ing numbers of older, and often more frail, patients re- 
quire surgery. In both specialities, the need for pelvic or 
perineal surgical access requires positioning of the pa- 
tient which is associated with specific complications. In 
both specialities, there is widespread adoption of endo- 
scopic surgical techniques and there is increased empha- 
sis on the need for anaesthetic techniques which allow 
for day-case surgery, or surgery involving fast-track re- 
covery programmes. 


GENERAL CONSIDERATIONS 

Positioning 

Perineal, per urethra and per vaginal surgery mostly 
require the patient to be supine with the hips flexed 
and abducted and the knees bent. Lloyd Davies and 
lithotomy are the two common positions in which this 
is achieved. The main difference between them is the 
greater degree of flexion of the hips and knees in the 
lithotomy position. Because of the risk of nerve dam- 
age as a result of either direct compression or excessive 
stretching, care should be taken to avoid extreme hip 
flexion (femoral nerve compression, sciatic or obtura- 
tor nerve stretching) and to avoid any prolonged pres- 
sure against the femoral and tibial condyles (common 
peroneal or saphenous nerve compression). When the 
patient is first put into either position, care should also 
be taken to avoid trapping the hands in the operating 
table mechanism. Calf compression leading to com- 
partment syndrome has been associated with both 
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positions and if the position needs to be adopted for 
many hours it is advisable to lower the legs intermit- 
tently to allow reperfusion to occur. 

Hypotension from blood loss or regional anaesthe- 
sia may be masked by the legs being raised and may 
become apparent only after they are lowered at the end 
of surgery. 

The Trendelenburg (head-down) position is of- 
ten required during pelvic surgery and is associated 
with decreased functional residual capacity (FRC), 
increased risk of passive regurgitation and raised intra- 
cranial and intraocular pressures. Transperitoneal 
laparoscopic surgery (for example, laparoscopic 
prostate surgery or hysterectomy) may require steep 
Trendelenburg positioning (30—-45°) for prolonged 
periods of time and careful attention to preoperative 
conditions such as glaucoma is necessary. There have 
been concerns that prolonged steep Trendelenburg 
position combined with the hypercapnia which of- 
ten occurs during laparoscopy might cause a raised 
intracranial pressure (as much as a 150% rise in ani- 
mal models) and anecdotal evidence suggests that 
patients are at risk of developing acute confusional 
states on emergence from anaesthesia. In order to re- 
duce this risk, some anaesthetists have advocated the 
routine use of parenteral dexamethasone or man- 
nitol intraoperatively. Studies measuring the degree 
of intraoperative cerebral oxygenation in urologi- 
cal patients positioned in this way suggest that it is 
well preserved. 

Tracheal intubation is required in most patients 
who require prolonged head-down positioning in or- 
der to maintain adequate ventilation, and in patients 


who are at high risk of passive regurgitation it should 
be considered even for short procedures. If passive 
regurgitation occurs in the head-down position, gas- 
tric acid can pool around the eyes leading to corneal 
burns unless it is washed out rapidly, and the patient 
should be positioned such that the anaesthetist is able 
to see the face in case this occurs. 

Renal surgery most often requires the patient to 
be in a lateral position with the table ‘broker’ in the 
middle in order to extend the flank. Cardiorespiratory 
stability is maintained in most patients despite one 
lung being dependent, although temporary hypoten- 
sion sometimes occurs as a result of decreased venous 
return. Padding of the legs and arms is required to 
avoid peroneal, saphenous and ulnar nerve damage 
and care should be taken to avoid lateral neck flexion 
which may result in brachial plexus injuries. Corneal 
abrasions are surprisingly common in the lateral po- 
sition, mostly as a result of inadvertent contact with 
apparatus near the head (for example HME filters). 

Prone positioning is required only for percutane- 
ous nephrolithotomy. For this procedure, patients re- 
quire general anaesthesia with tracheal intubation and 
mechanical ventilation. In this position, it is essential 
that the tracheal tube is well secured. Careful atten- 
tion should be paid to the position of the head, eye- 
padding, avoidance of abdominal compression and 
pressure-point protection (nose, chin, genitals, knees). 


Laparoscopic Procedures 


As in other areas of surgery, there has been an increase 
in the number of urological and gynaecological proce- 
dures which are performed laparoscopically, including 
surgery for hysterectomy, oophorectomy, cystectomy, 
nephrectomy and prostatectomy. Laparoscopic sur- 
gery is associated with lower intraoperative blood 
loss, lower postoperative analgesia requirements and 
faster postoperative recovery times. There is also less 
potential for heat loss than during open surgery. 

Most laparoscopic surgery involves a transperito- 
neal approach and requires a pneumoperitoneum. 
The exceptions to this include renal surgery, in which 
a retroperitoneal approach is also possible, and radical 
prostate surgery, in which anteroperitoneal gas insuf- 
flation may be used. It has been suggested that antero- 
peritoneal and retroperitoneal approaches allow for 
faster postoperative recovery. 
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The pneumoperitoneum required for laparoscopic 
surgery is accomplished by the insufflation of carbon 
dioxide to a pressure of 10-15mmHg. This can be 
performed after the insertion of a laparoscopic port 
or a Veress insufflation needle. In both cases, there is 
the potential for inadvertent damage to major blood 
vessels, or for subcutaneous insufflation resulting in 
surgical emphysema. Very rarely, venous gas embolism 
occurs as a result of insufflation directly into a blood 
vessel. 

The cardiovascular effects of peritoneal insufflation 
include increases in venous return and cardiac output, 
accompanied by an increase in systemic vascular re- 
sistance. If higher pressures are required, compression 
of the vena cava may occur, resulting in a decrease in 
venous filling. Occasionally, the peritoneal stimulation 
which occurs during gas insufflation can cause a vagal 
bradycardic response requiring rapid deflation and the 
administration of an anticholinergic. 

Pneumoperitoneum also results in decreased func- 
tional residual capacity, and when combined with the 
Trendelenburg position, there is an increased risk of 
atelectasis and V/Q mismatch. Tracheal intubation 
and mechanical ventilation can help to minimize the 
effects, particularly if positive end-expiratory pres- 
sure is applied, but in patients with marked respira- 
tory disease, a prolonged pneumoperitoneum may 
not be tolerated well. On rare occasions, a congenital 
diaphragmatic fistula or a surgical breach of the dia- 
phragm may result in a pneumothorax or pneumo- 
mediastinum which can interfere with ventilation. 

Carbon dioxide is absorbed through the peri- 
toneum during laparoscopic surgery, resulting in a 
raised PaCO,, tachycardia and increased myocardial 
contractility. Retroperitoneal insufflation often results 
in a greater degree of gas absorption which may persist 
after surgery. Anteroperitoneal radical prostate sur- 
gery is worth a special mention because it can result 
in severe surgical emphysema in the scrotal area and/ 
or chest and face. The surgical emphysema is caused 
by carbon dioxide spreading throughout the subcu- 
taneous tissues where it is readily absorbed, resulting 
sometimes in severe hypercapnia. Methods to de- 
crease the degree of surgical emphysema and hyper- 
capnia include ensuring adequate muscle relaxation 
(for example by using an infusion of muscle relax- 
ant) and by increasing the minute volume achieved 
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by mechanical ventilation both intraoperatively and 
sometimes for a short period after surgery has ended. 
The use of nitrous oxide is not recommended during 
anteroperitoneal surgery because it exacerbates the de- 
gree of surgical emphysema. 

The frequency with which laparoscopic procedures 
are converted to open operation depends on the op- 
eration and the experience of the operator. It may be 
appropriate to ask the surgeon beforehand whether 
conversion to an open procedure is likely. 


Other Endoscopic Surgery 


Urethral or transcervical endoscopic approaches can be 
used to perform bladder, prostate, ureteric and intra- 
uterine surgery. Flexible endoscopes may be used for 
some procedures, such as surveillance cystoscopy, in 
which case topical anaesthesia may be sufficient. If sur- 
gical resection is necessary, it is probable that a rigid en- 
doscope will be required, facilitated by general or spinal 
anaesthesia. The rigid endoscope allows the use of rigid 
instruments, such as a resection diathermy loop, and 
fluid irrigation which allows visualization of the surgi- 
cal field and washes away blood and resected tissue. 

The choice of irrigation fluid is determined by the 
surgical technique. If monopolar diathermy equipment 
is used, a relatively non-conducting irrigating fluid is 
required so that current is not dissipated away from the 
point at which the diathermy equipment comes into 
contact with the body. In contrast, bipolar equipment 
works better with an irrigating fluid which conducts 
charge from the active part of the instrument to the 
nearby return electrode. Until recently, most diathermy 
equipment used by urologists was monopolar and the 
irrigation fluid of choice was glycine, which combined 
good optical properties with poor electrical conduc- 
tion. Saline irrigation is used with the more recently 
developed bipolar resectoscopes. 

Endoscopic resection with continuous irrigation 
requires the fluid to be under pressure, achieved usu- 
ally by hanging the fluid reservoir from a drip-stand. 
Fluid can be forced under pressure into tissue planes 
as well as veins or sinuses opened by the diathermy 
process. In this manner, a large amount of fluid can 
be absorbed, which can result in fluid overload in sus- 
ceptible patients. If the irrigating fluid is glycine, TUR 
(transurethral resection) syndrome may also develop 
(see below). 
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Lasers can also be used for transurethral resection 
and are used commonly for prostatic resection. There 
are various techniques available using different lasers, 
including holmium and Greenlight lasers. Smaller in- 
strumentation of the urethra may be possible, includ- 
ing the use of flexible endoscopes, and there is minimal 
blood loss with faster postoperative recovery times. 


TRANSURETHRAL RESECTION (TUR) 
SYNDROME 


Despite the name, TUR syndrome is not exclusive 
to transurethral surgery. It is sometimes known as 
TURP (trans-urethral resection of the prostate) syn- 
drome, and, as the name implies, it is most commonly 
associated with endoscopic prostatic surgery in which 
prostatic sinuses and veins are cut during resection, 
allowing irrigating fluid to be absorbed. Less com- 
monly, TUR syndrome has been reported after other 
procedures, including bladder tumour resection, cys- 
toscopy, various forms of lithotripsy and transcervical 
endometrial resection. 

TUR syndrome occurs if a large volume of hypo- 
tonic irrigating solution is absorbed rapidly, resulting 
in rapid changes in serum osmolality and electrolyte 
concentrations. Glycine solution is the most com- 
monly used hypotonic irrigating fluid in the UK, and 
commercial solutions have an osmolality of approxi- 
mately 200mosmolL™. In high concentrations, gly- 
cine can exhibit toxic effects on the cardiovascular and 
central nervous systems (including retinal neurotrans- 
mission) in addition to the effects of altered blood 
chemistry. The clinical findings associated with TUR 
syndrome are shown in Table 27.1. 

TUR syndrome usually occurs only after more than 
2L of irrigating fluid have been absorbed into the 
circulation, but because this may occur as a result of 
fluid redistribution from perivesicular tissue planes 
into the vasculature, the onset of TUR syndrome may 
be delayed until some hours after surgery. In addition 
to the potential effects of fluid overload, the clinical 
features of TUR syndrome are those of decreased or 
altered consciousness and cardiovascular compromise. 
The most obvious biochemical abnormality is acute 
hyponatraemia. Acute haemolysis has also been associ- 
ated with TUR syndrome, but is unlikely to occur with 
modern glycine solutions. 


TABLE 27.1 


Clinical Features of TUR Syndrome 


Symptoms in the Awake 
Patient 


Clinical Signs and Investigation 
Results 


Vertigo Confusion or agitation 


Nausea and/or vomiting Decreased consciousness 
Abdominal pain Seizures 


Visual disturbance/blurred Pupillary dilatation 


vision Papilloedema 
Dyspnoea Bradypnoea/hypopnoea 
Chest tightness Pulmonary oedema 
Cyanosis 
Oliguria 


Hypotension (although there 
may be initial hypertension) 
Bradycardia or other 
dysrhythmias 

Widened QRS and/or ST 
changes on ECG 

Cardiac arrest 
Hyponatraemia 

Decreased serum osmolality 
Hyperammonaemia 


TUR syndrome is more likely to occur when higher 
irrigation pressures are used or if surgical resection 
is prolonged or extensive (e.g. if the prostate is very 
large or if perforation of the prostatic capsule occurs 
during surgery). Various attempts have been made to 
monitor the degree of fluid absorption, including add- 
ing ethanol to the irrigation fluid (in order to moni- 
tor exhaled ethanol concentrations), strict fluid input/ 
output measurement, and semi-continuous weighing 
of the patient. None of these techniques has gained 
widespread acceptance because of the inherent diffi- 
culties associated with their use. 

The risk of TUR syndrome can be minimized by 
limiting the duration of surgery, decreasing the irriga- 
tion pressure (by limiting the height of the reservoir 
above the patient to 60—80 cm above the operating 
field), ensuring that glycine irrigation is converted 
to saline as soon as surgery is complete and the 
judicious use of diuretics if surgery is prolonged. The 
use of bipolar resection with saline irrigation ex- 
poses the patient to the risk of fluid overload alone, 
rather than to the biochemical derangement of TUR 
syndrome. 
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The use of spinal anaesthesia is thought to make 
earlier identification of TUR syndrome possible be- 
cause the initial signs are most commonly agitation 
and restlessness. 

If TUR syndrome is suspected, the operation 
should be concluded as rapidly as possible. The treat- 
ment of TUR syndrome consists of supportive mea- 
sures combined with diuretics such as furosemide or 
mannitol. Hypertonic saline (i.e. 3% solution) may be 
required in patients who develop extreme neurologi- 
cal or myocardial dysfunction. Sodium replacement 
must be performed in a controlled manner in order 
to avoid pontine demyelination; an increase in serum 
sodium concentration of 1-2mmolL'h"! is widely 
accepted to be within safe limits (to a maximum of 
12mmolL"' within a 24-h period). Fortunately, the 
sodium changes which occur in TUR syndrome are so 
acute that this complication of treatment is unlikely to 
occur. A commonly quoted formula to guide sodium 
replacement is [body weightx 1.2] mLh™ of 3% saline, 
which increases the serum sodium concentration by 
about 1 mmol L~ h~. High-dependency monitoring is 
required. 


REGIONAL ANAESTHESIA 


Regional anaesthesia, either alone or in combina- 
tion with general anaesthesia, is often the preferred 
technique for many gynaecological and genitouri- 
nary procedures. It provides excellent intraopera- 
tive and postoperative analgesia and is perceived as 
being associated with decreased risks of respiratory 
and airway dysfunction in patients with significant 
comorbidities. Epidural anaesthesia is often com- 
bined with general anaesthesia in procedures in 
which there is likely to be prolonged abdominal 
pain postoperatively, or if it is anticipated that there 
may be significant disturbance to bowel or other 
intraperitoneal organs; examples include open sur- 
gery for cystectomy, Wertheim’s hysterectomy or 
nephrectomy. Spinal anaesthesia may be combined 
with general anaesthesia for procedures in which 
postoperative pain is likely to be severe, but not as 
prolonged, e.g. operations involving Pfannenstiel or 
lower midline abdominal incisions, such as hyster- 
ectomy or open prostate surgery. The addition of an 
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intrathecal opioid to spinal anaesthesia can extend 
the duration of spinal analgesia further into the post- 
operative period, but careful monitoring is required 
to avoid complications as there is an increased risk 
of delayed respiratory depression (particularly if a 
parenteral opioid is also prescribed) and increased 
incidences of nausea, vomiting and pruritus. If spi- 
nal anaesthesia is used in combination, it should be 
performed before induction of general anaesthesia 
in order to minimize the risk of inadvertent nerve 
or spinal cord damage. Sympathetic nerve blockade 
occurs in association with spinal or epidural anaes- 
thesia, and profound hypotension can result when 
this is combined with the cardiovascular effects of 
general anaesthetic agents. This is particularly true 
of ‘one-shot’ techniques such as spinal anaesthesia 
performed immediately before induction of general 
anaesthesia. 

Spinal anaesthesia without general anaesthesia is 
often the preferred anaesthetic technique for TURP 
and cystoscopic procedures. Not only is it perceived as 
being safer in patients with significant respiratory or 
airway comorbidities but it also offers the potential for 
early identification of TUR syndrome when monopo- 
lar resection techniques are used. For procedures which 
require bladder irrigation, anaesthesia with a sensory 
block of up to up to at least the T10-12 dermatomes 
is needed to prevent discomfort caused by distension 
of the bladder. Occasionally, spinal anaesthesia results 
in penile tumescence, which makes penile surgery and 
instrumentation of the urethra difficult. Intravenous 
ketamine has been used to treat this complication but 
its efficacy is probably limited and side-effects may 
occur. Intracorporeal administration of a low-dose 
a-adrenergic agonist (e.g. phenylephrine 100-200 ug) 
is likely to be more effective, with little risk of systemic 
side-effects. 

More localized regional or infiltrative techniques 
may provide adjunctive analgesia for other gynaeco- 
logical or genitourinary procedures. Local anaesthetic 
infiltration is often used during perineal surgery, and 
the addition of a vasoconstrictor may reduce local 
bleeding. Anaesthetists should be aware that a vaso- 
constrictor used by the surgeon has the potential to 
cause systemic effects as it is absorbed. 

Other techniques include the use of caudal block 
to provide saddle analgesia, and transversus abdominis 
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plane (TAP) blocks to provide analgesia of the ab- 
dominal wall. A penile ring block provides excellent 
analgesia for penile operations such as circumcision, 
but must be performed using a plain local anaesthetic 
solution to avoid vasoconstriction. 


PERIOPERATIVE INFECTIONS 


There is a high incidence of occult urinary tract in- 
fections in patients with urinary tract stones or an 
indwelling catheter. Antimicrobial prophylaxis can be 
used to help to prevent bacteraemia, particularly dur- 
ing surgery in which the urinary tract mucosa is likely 
to be breached (e.g. stone extraction, bladder tumour 
or prostate resection). Antimicrobial prophylaxis may 
also be required in surgery in which there is a risk of 
bowel perforation, e.g. cystectomy or radical prostate 
surgery. 


OTHER CONSIDERATIONS 


Postoperative nausea and vomiting occur more com- 
monly after gynaecological surgery and the pre- 
emptive use of antiemetics is often advisable in these 
patients. 

Venous thromboembolic events are strongly as- 
sociated with pelvic and renal cancers and surgery. 
Appropriate prophylaxis should always be considered, 
but special attention should be paid to the possibility 
that venous thrombosis may already be present before 
surgery, necessitating preoperative anticoagulation 
and possibly the insertion of a filter in the inferior vena 
cava (IVC). 

Blood conservation strategies should be considered 
before operations associated with major blood loss. 
This may include the routine use of anti-fibrinolytic 
medications such as tranexamic acid. Cell salvage 
technology may also be of benefit, but its use may be 
limited in cancer surgery because of the theoretical 
risk of haematogenous metastasis. Currently, many 
centres infuse cell-salvaged blood through white cell 
filters for cystectomy and radical prostate operations, 
but not for gynaecological malignancies. Cell sal- 
vage should be stopped immediately before planned 
bowel incision, for example at the time of ileal conduit 
formation. 
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A urinary catheter is often required in the postop- 
erative period, particularly if ongoing bladder irriga- 
tion is required. Care should be taken when moving 
the patient to avoid undue tension and accidental dis- 
placement, particularly after a urethral anastomosis 
has been created. Bladder spasm is a common problem 
in the postoperative period, often occurring in previ- 
ously catheter-naive patients who may benefit from 
the addition of a muscarinic receptor antagonist such 
as hyoscine butylbromide. 

Active warming measures are necessary during 
many gynaecological and urological surgical proce- 
dures, particularly during open procedures or those 
which require continuous fluid irrigation. 


ANAESTHETIC IMPLICATIONS OF 
SPECIFIC SURGICAL TECHNIQUES 


Pelvic Surgery 


Surgery for cystectomy, hysterectomy and oophorec- 
tomy is performed with the patient head-down and 
either supine or in the lithotomy/Lloyd Davies position. 
For open abdominal and laparoscopic approaches, 
tracheal intubation and mechanical ventilation are 
required. For open approaches, combined general 
and regional anaesthesia provide good intraoperative 
and postoperative analgesia. The choice of technique 
depends on the incision used, with Pfannenstiel in- 
cisions being more amenable to spinal anaesthesia. 
Alternatively, postoperative patient-controlled analge- 
sia (PCA) regimens can be used, and there is increasing 
use of postoperative local anaesthetic wound infusion 
catheters. Laparoscopic approaches are likely to re- 
quire less analgesia postoperatively, but this depends 
on any final incision required to remove the resected 
viscera. 

Cystectomy and large gynaecological resections are 
often prolonged surgical procedures with the poten- 
tial for marked physiological derangements to occur 
intraoperatively which are likely to necessitate the use 
of invasive arterial and/or central venous monitoring. 
Surgery for gynaecological pelvic cancers can some- 
times be very extensive, requiring the excision of 
multiple structures at once, e.g. pelvic exenteration 
surgery. There is the potential for very large blood loss. 
In such cases, high-dependency monitoring is likely to 
be needed in the postoperative period. 


Chronic blood loss relating to the disease process 
requiring cystectomy or hysterectomy may mean that 
the patient is anaemic before surgery. Other preopera- 
tive considerations include the potential for large pel- 
vic cancers to affect renal function as a result of either 
chemotherapy or ureteric obstruction/compression. 
Preoperative chemotherapy, especially for ovarian can- 
cer, can also result in systemic complications such as 
cardiac impairment. The physical effects of large pel- 
vic tumours can include abdominal mass effects such 
as abdominal compartment syndrome, obstruction of 
the IVC and diaphragmatic splinting. The extent of 
any preoperative nerve compression should be docu- 
mented before regional anaesthesia is performed. 

Cystectomy requires the formation of an ileal con- 
duit into which the ureters are diverted. Generally, this 
does not impact on renal function, and potentially 
nephrotoxic drugs such as NSAIDs can be used once 
there is minimal risk of postoperative hypotension. 
One of the commonest complications of ileal conduit 
formation is postoperative ileus, which can present 
many days after surgery. Epidural analgesia has been 
suggested as a means of promoting earlier recovery of 
gut function (probably by reducing postoperative use 
of opioids), as has the avoidance of insertion of a na- 
sogastric tube during surgery. 

Vaginal hysterectomy causes less surgical trauma 
than open abdominal surgery and is less painful post- 
operatively. Depending upon the patient, a general 
anaesthetic with a laryngeal mask airway, or spinal an- 
aesthesia alone, may be sufficient. There is the poten- 
tial for perioperative occult bleeding to occur because 
of the impaired surgical view. 

Laparoscopic sterilization requires general anaes- 
thesia but is normally relatively short and can often be 
performed using a laryngeal mask airway. The degree 
of postoperative pain as a result of placing clips around 
the fallopian tubes is often hard to predict, although 
most patients require only oral analgesics. 

Emergency surgery for ectopic pregnancy may be 
either semi-urgent surgery as a result of early detec- 
tion, or, if rupture and haemorrhage have occurred, 
a true emergency requiring immediate resuscitation 
and surgery. Patients are usually young and fit and the 
signs of haemorrhage are often masked, but if bleed- 
ing is suspected there should be minimal delays in 
proceeding to open surgery; if possible, two large-bore 
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venous cannulae should be inserted and intravenous 
fluid resuscitation started as soon as possible. A rapid- 
sequence induction (RSI) technique should be em- 
ployed because of the risk of a full stomach. If the 
patient is grossly hypovolaemic, hypotension may 
occur on induction and this may require fluids and/or 
vasopressors. Blood should be cross-matched and 
transfused as required, and any coagulopathy corrected 
aggressively. 

If there is no evidence of haemorrhage, a laparoscopic 
technique may be used; tracheal intubation and artifi- 
cial ventilation are required and RSI may be indicated. 
Both procedures are likely to be painful post-operatively 
requiring both simple analgesics and opiates, such as a 
patient-controlled opiate analgesia infusion. 


Nephrectomy and Renal Surgery 


The indications for nephrectomy include the presence 
of a renal tumour, intractable infection, trauma, cal- 
culous disease, renovascular hypertension or as a liv- 
ing donor. Renal tumours are associated with a high 
incidence of preoperative renal tract blood loss and the 
patient may be anaemic before surgery. Paraneoplastic 
syndromes are also common in patients with a renal 
tumour and may cause hypercalcaemia, hyperten- 
sion, polyneuropathy and fever. As in other surgery 
for malignant disease, anaesthetic assessment should 
take into account the possibility of metastatic spread, 
particularly to the lungs. The extent of local spread is 
also important because tumours which impinge on the 
inferior vena cava may require it to be clamped during 
surgery. 

If a tumour is very large or vascular, endovascular 
embolization under radiological guidance may be per- 
formed a day or so before surgery. Preoperative analge- 
sia is required, and an epidural block is often inserted 
before the embolization. 

The removal of a kidney does not necessarily im- 
pact on postoperative renal function, particularly if the 
kidney was functioning poorly beforehand, but indices 
of renal function should be reviewed by the anaesthe- 
tist. Potentially nephrotoxic drugs such as NSAIDs and 
aminoglycosides can often be used provided that renal 
function is adequate and perioperative hypotension 
avoided. 

Clearly, in patients whose final functioning kidney is 
being removed, dialysis will be required postoperatively 
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and care should be taken to avoid large doses of drugs 
which are likely to accumulate, such as morphine. Care 
should also be taken if possible to avoid placing venous 
cannulae in areas such as the forearm because these 
are likely to be needed for future fistula formation. A 
partial nephrectomy may be considered as a means of 
preserving some renal function, but these have a lower 
rate of tumour clearance and a higher incidence of 
intraoperative or postoperative haemorrhage. 

The anaesthetic requirements for pyeloplasty are 
very similar to those for nephrectomy except that the 
patient may be positioned in the lithotomy position 
first, whilst a ureteric stent is inserted. 

Renal surgery may be performed using open or lap- 
aroscopic surgery and the choice of surgical technique 
is often dependent on the size of the tumour or the 
complexity of the resection. In both eventualities, tra- 
cheal intubation and artificial ventilation are necessary 
to allow surgical access and to minimize complications. 
If open surgery is performed, epidural analgesia usu- 
ally provides good postoperative pain relief, although 
patient-controlled analgesia regimens with morphine 
are also appropriate. Intercostal or intrapleural nerve 
blocks can be used but are relatively short-acting and 
risk the development of a pneumothorax. After lapa- 
roscopic procedures, a parenteral opioid should gener- 
ally be sufficient to provide analgesia. 

Occasionally, a pneumothorax develops if the pleura is 
breached during renal surgery. Pneumothoraces are gen- 
erally self-limiting and resolve after laparoscopic insuf- 
flation is discontinued, or are maintained at a small size 
by the use of positive pressure ventilation during open 
surgery. It is rare to need to insert an intrapleural drain. 

In patients whose cardiovascular system is unstable, 
or if major blood loss is expected, invasive arterial and/ 
or central venous monitoring should be employed. 


Prostate Surgery 


Prostatic surgery may be required either for cancer or 
for benign prostatic hypertrophy. In both cases, the in- 
cidence of disease increases with age and patients may 
be frail or affected by comorbidities. In addition, many 
patients with benign prostatic hypertrophy present 
after an episode of acute urinary retention which has 
been triggered by another medical insult such as recent 
major surgery. The most prevalent group for acute uri- 
nary retention is men aged 75-84 years, in whom the 
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one-year mortality after presentation is approximately 
13% if the retention occurred spontaneously and 18% 
if the episode of retention was precipitated by an acute 
event. These figures are more than doubled if comor- 
bidities are also present. 

Preoperative assessment should aim to identify 
significant comorbidities, especially those affecting 
the cardiovascular or respiratory systems. In addi- 
tion to the risks inherent in anaesthetizing patients 
with cardiovascular disease, the significant fluid shifts 
involved in transurethral resection of the prostate 
(TURP) may result in fluid overload in susceptible 
individuals. Any pre-existing metabolic derangement, 
such as hyponatraemia resulting from diuretic use or 
other causes, is likely to be exacerbated. Prostatic dis- 
ease may also affect renal function and this should be 
assessed preoperatively. 

Complications associated with TURP include 
blood loss, which can often be difficult to quantify 
because of the use of irrigation fluid. Other complica- 
tions include hypothermia, sepsis and TUR syndrome. 
Although general anaesthesia using a laryngeal mask 
airway can be used, spinal anaesthesia is often the pre- 
ferred anaesthetic technique for TURP because of the 
decreased risks of respiratory and airway dysfunction. 
Spinal anaesthesia may also provide the potential for 
early identification of TUR syndrome when monopo- 
lar techniques are used because confusion and agitation 
are amongst the earliest clinical signs (see Table 27.1). 

If the prostate is very large, a retropubic prostatec- 
tomy (Millen’s procedure) may be required. This ap- 
proach uses a Pfannenstiel-type incision, and because 
of the size of the prostate, there is an increased risk of 
major blood loss during the procedure. 

Curative prostatic cancer surgery (radical prosta- 
tectomy) requires transperitoneal or anteroperitoneal 
resection which can be performed using open or lapa- 
roscopic techniques. Both require general anaesthesia 
and tracheal intubation, with or without spinal or epi- 
dural analgesia. During laparoscopic radical prostatec- 
tomy, the urethra is resected at the base of the bladder 
during the procedure and it must be borne in mind 
that a large diuresis during this time may obscure the 
surgical field. There is the potential for major haemor- 
rhage using either approach. 

Newer transrectal ultrasound treatments (high- 
intensity focussed ultrasound, HIFU) have been 


developed and are used in some centres. These pro- 
cedures cause minimal physiological disturbance with 
much less postoperative pain. Anaesthesia for these 
simply requires the patient to lie still in the lateral po- 
sition for 1-2 h. 


Intrauterine and Transurethral Bladder 
Surgery 

Suction termination of pregnancy (STOP) requires 
dilatation of the cervix and instrumentation of the 
uterus under general anaesthesia. A volatile anaesthetic 
agent can be used to maintain anaesthesia but may re- 
sult in uterine relaxation and is therefore avoided by 
many anaesthetists. The procedure is often very short 
and intermittent propofol can be used, accompanied 
by a short-acting opioid analgesic. Deep anaesthesia is 
necessary at the time of cervical dilatation because this 
can be very stimulating and may result in a profound 
vagal response or laryngospasm. 

Evacuation of retained products of conception 
(ERPC) has similar anaesthetic requirements and both 
procedures are associated with the risk of haemorrhage 
and uterine perforation requiring further surgery. 

Oxytocin is often administered at the end of these 
procedures to promote uterine contraction and de- 
crease postoperative bleeding. The administration 
of oxytocin may result in transient hypotension and 
tachycardia. Simple oral analgesics are usually suffi- 
cient to control postoperative pain. 

Donor egg retrieval (as part of fertility treatment) is 
performed using transvaginal aspiration under ultra- 
sound guidance. It can be performed under sedation 
or using a general anaesthetic with a laryngeal mask 
airway. Complications during egg retrieval (e.g. haem- 
orrhage or damage to intervening structures) are rare. 

Cervical and transcervical surgery includes resec- 
tion of tumours, endometrial ablation for menorrhagia 
(performed using thermal or electrocautery), hyster- 
oscopy and cervical dilatation and uterine curettage. 
General and regional anaesthetic techniques are both 
suitable. 

Brachytherapy may be used to insert radioac- 
tive sources directly into cancerous areas such as the 
prostate, uterus or cervix. Anaesthesia is usually re- 
quired for gynaecological brachytherapy. Prolonged 
postoperative analgesia may be needed, for example 
if a vaginal pack is inserted, and spinal, epidural or 
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caudal techniques can be used. Institutions undertak- 
ing brachytherapy have specific protocols designed to 
protect staff from ionizing radiation. 

Patients with a bladder tumour are often elderly 
and may have a history of cigarette smoking (the 
same is also true for cervical and vulval cancer); car- 
diorespiratory comorbidities should be identified 
preoperatively. 

Bladder tumours often require many years of 
regular surveillance and intermittent resection. 
Anaesthesia for cystoscopy has to facilitate bladder 
irrigation but not always bladder tumour resection; it 
is often difficult to predict the extent of surgery pre- 
operatively. General anaesthesia with a laryngeal mask 
airway is generally sufficient as these procedures are 
often short. 

Spinal anaesthesia is a good alternative for higher 
risk patients, although patients with respiratory dis- 
ease may be more prone to coughing when lying su- 
pine with legs raised in the lithotomy position, and 
coughing can make surgery difficult and potentially 
hazardous. Resection of tumours from the lateral blad- 
der wall may result in obturator nerve stimulation, 
which can also be hazardous as a result of sudden leg 
movements. In some patients, there may be a surgical 
request for administration of a neuromuscular block- 
ing drug in order to avoid this complication. 

Complications of transurethral resection of bladder 
tumours (TURBT) include TUR syndrome, haemor- 
rhage and bladder perforation. Bladder perforation 
may not be immediately obvious in the postoperative 
period, especially while the continuing effects of spinal 
anaesthesia mask pain. Blood clots may cause postop- 
erative obstruction of the bladder catheter and urinary 
retention, even if an irrigating catheter is used. 

Postoperative pain associated with TURBT and 
transcervical surgery is often relatively easy to control 
with simple analgesics, accompanied by intermittent 
administration of an opioid if required. 


Perineal, Penile and Testicular Surgery 


Testicular surgery, e.g. repair of hydrocoele or inves- 
tigation of a suspected testicular torsion, involves a 
scrotal incision, and general or spinal anaesthesia can 
be used. Supplemental infiltration of local anaesthetic 
may provide additional analgesia. Orchidectomy is 
often performed using an inguinal incision, and local 
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infiltration or an ilioinguinal nerve block may be of 
benefit. If orchidectomy is performed for testicular 
cancer, the possibility of distant metastases should be 
considered. Para-aortic node dissection may also be 
required, which carries with it all the implications of 
major abdominal surgery. 

General and spinal anaesthesia are both appropriate 
for most penile or perineal procedures. An additional 
penile ring block can provide good analgesia, and may 
be used as the sole anaesthetic for circumcision. Vulval 
operations may benefit from local anaesthetic infiltra- 
tion. Antibiotic prophylaxis is not routinely required, 
but is indicated if a penile implant is inserted or for re- 
pair of penile fracture. Radical vulvectomy and penile 
amputation are both used for the resection of cancers 
and are likely to include lymph node dissection. Both 
have the potential for more severe blood loss. 

Fournier's gangrene (fasciitis of the perineum) 
requires extensive debridement of the scrotum and 
perineum. Postoperative pain may be quite severe and 
significant blood loss may occur. Patients with this 
condition are septic and postoperative HDU care is 
recommended. Broad-spectrum antimicrobial treat- 
ment should be started before surgery. 


Continence Surgery 


Various procedures can be performed to promote 
continence. Pelvic floor repair and transvaginal tape 
(TVT, in which a tape is inserted transvaginally around 
the bladder neck with both ends coming out on to the 
abdominal skin) can both be performed under gen- 
eral or spinal anaesthesia, and supplemental local 
anaesthetic infiltration may be used. Postoperative 
analgesia requirements are generally low. 

Abdominal procedures such as colposuspension can 
be performed using open or laparoscopic approaches 
and are associated with slightly more postoperative 
pain. Although spinal anaesthesia can be sufficient 
for open procedures using a Pfannenstiel incision, it 
is more usual to use general anaesthesia with tracheal 
intubation and mechanical ventilation. If surgery in- 
volves the insertion of a bladder-neck prosthesis, pro- 
phylactic antibiotics are required. 

Surgical techniques to increase the bladder capacity 
include Helmstein’s procedure and Clam cystoplasty. 
Helmstein’s procedure is performed rarely and consists 
of forced bladder distension using fluid which can 
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then be kept in place using a clamped catheter for 
46h. This results in prolonged discomfort and epi- 
dural anaesthesia is usually employed until the cath- 
eter is released. Clam cystoplasty requires the bladder 
to be incised and a ‘patch’ of small bowel to be sutured 
to the edges of the incision in order to increase bladder 
volume. The anaesthetic requirements are very similar 
to those for cystectomy. 


Surgery for Renal Tract Stones 


Stones within the bladder or ureter can often be re- 
moved using cystoscopy with or without ureteroscopy. 
Mechanical or laser instruments may be used for re- 
moval of the stones; if a laser is used during surgery, the 
general precautions for their use should be followed. 
Ureteric stents (JJ stents) may be inserted around the 
time of surgery, and on-table X-ray imaging is often 
needed. General or regional anaesthesia may be used; 
although urethral stimulation during the procedure oc- 
casionally necessitates supplemental analgesia if spinal 
anaesthesia is employed. 

Occasionally, bladder stones are too large for this 
approach and a mini-Pfannenstiel incision is required. 
This has similar anaesthetic requirements to a retropu- 
bic prostatectomy. 

Percutaneous nephrolithotomy/lithotripsy (PCNL) 
is performed when extracorporeal shockwave litho- 
tripsy has failed. The procedure is performed in two 
stages, the first stage being cystoscopy and insertion of 
a ureteric balloon. During the second stage, the patient 
is placed in the prone position, a percutaneous tract 
is formed down to the renal pelvis under X-ray guid- 
ance and a nephroscope is inserted. Ultrasonic frag- 
mentation or nephroscopic forceps are used to break 
up the stone. Irrigation with saline is used to flush 
out fragments of stone. Fluid can be forced into the 


retroperitoneal or peritoneal spaces, and this can oc- 
casionally be very severe, resulting in a ‘tense abdomen’ 
with diaphragmatic splinting. Haemorrhage from the 
kidney or nearby organs is also possible, and it is some- 
times difficult to differentiate between irrigation fluid 
effects and retroperitoneal haematoma or haemoperi- 
toneum. Pneumothoraces can also occur. 

All surgery for renal tract stone removal carries the 
risk of postoperative bacteraemia and sepsis, and, as 
with other procedures which require irrigation, there 
is the potential for significant cooling to occur. 

Tracheal intubation and mechanical ventilation are 
necessary for PCNL surgery because of the need for 
prone positioning. 
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SURGERY 


ne in five operations in the United Kingdom is 
for orthopaedic, spinal or trauma surgery. Anaesthesia 
for trauma surgery is discussed in Chapter 37. This 
chapter provides a framework for the conduct of an- 
aesthesia for orthopaedic surgery. 


THE PATIENT POPULATION 


A large proportion of patients presenting for or- 
thopaedic surgery are young and healthy. Sporting 
injuries and disease processes without systemic im- 
pact are common and these patients are at low risk 
of complications relating to anaesthesia or surgery. 
However, several disease processes are more com- 
mon in patients presenting for orthopaedic surgery 
than in the general surgical population, and these are 
discussed below. 


Comorbidities 
Rheumatoid Arthritis 


Rheumatoid arthritis is a chronic inflammatory dis- 
ease of unknown aetiology, affecting women more 
often than men. Rheumatoid factor is found in 90% 
of affected patients and there exists a genetic predis- 
position with associated human leucocyte antigen 
HLA-DR4. It is a multisystem disease which may 
present the anaesthetist with problems of a difficult 
airway, cervical spine instability (and cervical cord 
vulnerability) and widespread vasculitis-induced 
organ dysfunction. Additionally, drug therapy for 
rheumatoid disease frequently produces severe and 
widespread side-effects. These are detailed below. 
The airway of the rheumatoid patient may present 
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problems because of stiffness of the temporoman- 
dibular joint, stiffness or instability of the neck and 
cricoarytenoid arthritis. Radiological examination 
shows involvement of the cervical spine in 80% of pa- 
tients, and 30% have neurological symptoms suggest- 
ing instability of the neck. Atlantoaxial subluxation, 
subaxial subluxation and cervical spine ankylosis are 
common, and should be investigated through his- 
tory-taking, clinical examination and cervical X-ray. 
Flexion-extension views may be necessary to observe 
instability. Magnetic resonance imaging provides 
good assessment of the rheumatoid neck. Systemic 
disease is very common, and includes pericardial 
effusion, constrictive pericarditis, heart block, aortic 
and mitral valve disease, pleural effusion, interstitial 
fibrosis, anaemia, thrombocytopaenia and renal and 
hepatic dysfunction. 

A thorough history and examination are important 
for patients with rheumatoid disease. Careful assess- 
ment of the airway and cervical spine should be per- 
formed. The range of neck movement should be 
assessed, and any associated neurological symptoms 
should be noted. A full blood count and serum urea 
and electrolyte concentrations should be measured, 
and an ECG and chest X-ray should be considered. 
Additionally, a lateral cervical X-ray, preferably with 
flexion-extension views, should be considered, particu- 
larly if tracheal intubation is planned. Systemic disease 
may indicate the need for arterial blood gas analysis, 
lung function tests, echocardiogram or liver function 
tests to be undertaken. Suspicion of cricoarytenoid in- 
volvement should prompt preoperative indirect laryn- 
goscopic examination. 


Regional anaesthesia should be used if possible. It has 
the advantage of avoiding airway and neck manipulation, 
and may be safer than general anaesthesia in patients with 
severe systemic disease. However, epidural and spinal an- 
aesthesia may be very difficult because of spinal ankylosis 
and osteophyte formation. If general anaesthesia is used, 
patients with an unstable neck should be managed by an 
experienced anaesthetist, especially if tracheal intubation 
is planned. Tracheal intubation is made more difficult if 
movement of the temporomandibular joint is restricted. 
The need for tracheal intubation should be considered 
carefully in patients with severe disease because of the as- 
sociated risks and difficulty. For many procedures, the use 
of a laryngeal mask airway is a suitable and a potentially 
less traumatic alternative. If tracheal intubation is required, 
intubation aids such as the intubating laryngeal mask 
airway or fibreoptic-guided intubation may be safer alter- 
natives to tracheal intubation using direct laryngoscopy. 


Osteoarthritis 


A reduced range of joint movement may present prob- 
lems in positioning, airway management, regional 
blockade and vascular access. Concurrent analgesic 
therapy may cause increased bleeding and renal dys- 
function (non-steroidal anti-inflammatory drugs; 
NSAIDs) or tolerance to opioid analgesia (opioids). 


Ankylosing Spondylitis 

Ankylosing spondylitis causes rigidity of the entire spinal 
column, and may present problems with tracheal intu- 
bation. Unlike rheumatoid arthritis, cervical spine insta- 
bility does not occur, but the fixed flexion deformity may 
render direct laryngoscopy utterly impossible. The use 
of a laryngeal mask airway is a suitable option for many 
procedures, and fibreoptic laryngoscopy is usually fairly 
straightforward unless the disease process is advanced. 
The normal routes of escape of local anaesthetic solution 
from the epidural space may be obstructed in patients 
with ankylosing spondylitis, and spinal cord ischaemia 
with permanent nerve damage has been reported after 
rapid injection of local anaesthetic into the epidural 
space in patients suffering from this condition. 


Concurrent Drug Therapy 


Many young healthy patients presenting for ortho- 
paedic surgery do not take concurrent medication. 
However, use of analgesics is very common in the 
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orthopaedic population because of the painful nature 
of their disease process. Concurrent therapy with an- 
tihypertensive, antianginal, antidepressant or choles- 
terol-lowering medication is common in older patients 
presenting for orthopaedic surgery. These patients of- 
ten present for arthroplasty and this major procedure 
may place significant demands upon their physiologi- 
cal reserves. Preparation of the patient taking these 
drugs is discussed in detail in Chapter 18. Patients may 
also be using orthopaedic disease-modifying drugs 
such as methotrexate, steroids and gold. 


Non-Steroidal Anti-Inflammatory Drugs 


Thromboxane A, and prostaglandin endoperoxide, which 
are needed for the haemostatic function of platelets, are 
synthesized from arachidonic acid by the cyclo-oxygenase 
(COX) enzyme system. Non-steroidal anti-inflammatory 
drugs (NSAIDs) inhibit this enzyme system, impairing 
the formation of clots and, consequently, haemostasis. 
There are two COX isoforms: COX-1 synthesizes prosta- 
glandins, which protect the gastric mucosa; COX-2 is in- 
volved with inflammatory responses. Inhibition of these 
systems ceases rapidly when administration of NSAIDs 
is stopped. However, the effects of aspirin persist for up 
to 10 days after treatment because of its covalent bond- 
ing with cyclo-oxygenase. Although NSAIDs taken up to 
the time of surgery may increase surgical blood loss, this 
does not imply that preoperative administration should 
be avoided. NSAIDs are valuable in providing analgesia 
pre- and postoperatively, and increased surgical blood 
loss is usually modest. Of more concern is gastroduo- 
denal ulceration, of which the first symptom may be life- 
threatening upper gastrointestinal haemorrhage. The risk 
of ulceration is dose-related, commoner as age advances 
and even commoner if corticosteroids are also used to 
control inflammation. This complication stimulated the 
production of specific COX-2 inhibitors, but their use has 
been curtailed following reports of increased cardiovas- 
cular and cerebrovascular complications. NSAIDs should 
be avoided in patients who have a history suggestive of 
gastrointestinal ulceration or bleeding. 


Opioid Analgesics 
Chronic opioid use results in tolerance to the analge- 
sic effects of the drugs and to their undesirable side- 


effects. When patients have used opioids for more than 
a few days before surgery, postoperative administration 
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of an opioid becomes less effective than normal, and a 
larger dose is required than would be expected in the 
opioid-naive patient. A useful guide is to provide the 
regular intake of opioid in addition to that prescribed 
for acute, postoperative pain relief. It is mandatory 
that frequent observations are made of these patients, 
and the involvement of an acute pain team is advisable. 


Corticosteroids 


Regular medication with glucocorticoid drugs (e.g. pred- 
nisolone, hydrocortisone, dexamethasone) produces 
suppression of endogenous glucocorticoid production. 
There is an increase in glucocorticoid concentration as 
part of the stress response after surgery, and these pa- 
tients are at risk of an Addisonian crisis, including a pre- 
cipitous fall in blood pressure because they may not be 
able to synthesize sufficient endogenous glucocorticoid. 
Patients who have taken doses of steroids greater than the 
equivalent of prednisolone 10mg daily during the past 
3 months require replacement corticosteroid therapy. 
Corticosteroid therapy may cause poor wound healing 
and gastrointestinal ulceration; consequently, low-dose 
replacement therapy is currently favoured. For patients 
undergoing minor surgery under general anaesthesia, the 
usual oral dose of corticosteroid should be given on the 
morning of surgery or a single dose of hydrocortisone 
25-50mg intravenously at induction. For patients un- 
dergoing moderate or major surgery, the usual morn- 
ing dose of corticosteroid should be given and 25-50 mg 
of intravenous hydrocortisone at induction followed 
by further doses of 25-50 mg intravenously three times 
daily for 24h after moderate surgery or for 48-72 h after 
major surgery. The patient’s usual corticosteroid regi- 
men is then re-established. 


Immunos uppressant Dru igs 


Drugs such as methotrexate inhibit the immune sys- 
tem, damping the inflammatory response that causes 
distressing symptoms from some joint diseases. The 
induced immunosuppression may also render the pa- 
tient at increased risk of hospital-acquired infection, 
and strict aseptic techniques should be used during 
any invasive procedures. 


Other Drugs 


A large variety of potentially toxic drugs is used to reduce 
the symptoms and retard the disease process in rheu- 
matoid arthritis. Antimalarials, such as chloroquine, 
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may cause retinopathy and cardiomyopathy. Gold 
and penicillamine cause undesirable side-effects in 
up to 40% of patients; these include nephrotic syn- 
drome, thrombocytopaenia, agranulocytosis, marrow 
aplasia, hepatitis and pneumonitis. Sulfasalazine may 
cause haematological toxicity and fibrosing alveolitis. 
Administration of azathioprine may result in gastroin- 
testinal side-effects, cholestatic hepatitis, leucopaenia, 
thrombocytopaenia and anaemia. 

It should be apparent that the provision of anaes- 
thesia for any patient with rheumatoid arthritis must 
be associated with a thorough search for the potentially 
dangerous side-effects of concurrent drug therapy. 


TECHNIQUES OF ANAESTHESIA 


General Anaesthesia 


This is appropriate for all types of orthopaedic surgery, 
but regional anaesthesia may be the preferred tech- 
nique for many procedures, for reasons discussed be- 
low. Patients undergoing procedures of long duration 
(e.g. hip revision) often require general anaesthesia be- 
cause of the discomfort incurred by remaining in the 
same position for a prolonged period of time. In many 
countries, including the United Kingdom, patients of- 
ten expect to receive general anaesthesia, and may not 
have been aware in advance of their surgery that re- 
gional anaesthesia represents a viable option. Thus, the 
use of general anaesthesia offers the benefit to patients 
of familiarity. General anaesthesia causes the greatest 
loss of control for the patient and many patients are 
pleasantly surprised to find that regional anaesthesia is 
an option for their operation. 


Regional Anaesthesia 


Central neuraxial block (spinal or epidural anaesthe- 
sia) reduces the stress response to surgery and has been 
shown to reduce some serious complications following 
many types of surgery. Benefits may include a reduc- 
tion in the incidences of deep vein thrombosis, blood 
loss, myocardial infarction, respiratory and renal com- 
plications, and possibly pulmonary embolism. There is 
a high incidence of thromboembolic events in patients 
undergoing major lower limb arthroplasty, which 
makes this type of anaesthesia an attractive option. 
Lower limb arthroplasty and minor lower limb 
procedures are frequently carried out using central 
neuraxial block. For longer procedures, such as hip 


TABLE 28.1 


Peripheral Regional Anaesthesia and Analgesia 


Site of Surgery Block 


Shoulder 


Interscalene brachial plexus 


Upper arm Interscalene and medial cutaneous 
nerve of the arm or supraclavicular 
brachial plexus. Plus intercostobrachial 


after either of these 


Forearm and hand Infraclavicular or axillary brachial 


plexus, IVRA, elbow or wrist 


Fingers Metacarpal or digital nerve 

Hip Posterior lumbar plexus (psoas 
compartment), 3-in-1 femoral sheath, 
proximal sciatic nerve 

Knee Femoral and sciatic nerve (popliteal 
fossa or above) 

Ankle Sciatic (popliteal fossa) + saphenous 
nerve or IVRA 

Foot Sciatic (popliteal fossa) + saphenous 
nerve or ankle or IVRA 

Toes Ankle, metatarsal or digital nerve 


IVRA, intravenous regional anaesthesia. 


arthroplasty, sedation or light general anaesthesia may 
be added. The combination of general anaesthesia 
with a central neuraxial block has not been shown to 
reduce the benefits attributable to this form of regional 
anaesthesia. 

Following central neuraxial block, the patient is 
usually pain-free in the immediate postoperative 
period. Careful thought should be given to adminis- 
tration of analgesia after the nerve block has worn off 
(see below). There is a higher incidence of urinary re- 
tention in patients who have undergone joint arthro- 
plasty under central neuraxial block and this leads to 
an increased risk of urinary tract infection. Patients 
may be managed by prophylactic urethral catheteriza- 
tion or monitoring of bladder volume postoperatively 
using ultrasound. 

Peripheral nerve block is commonly used as a sole 
technique for many procedures, with the advantages 
of excellent pain relief, reduction of surgical stress, 
avoidance of complications of general anaesthesia and 
earlier discharge in the day-case setting. Peripheral 
surgery in ‘high-risk’ patients may also be carried out 
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under peripheral nerve block to avoid the potential 
complications of general anaesthesia or central neur- 
axial block. Patients report a high degree of satisfac- 
tion following surgery carried out using this form of 
anaesthesia. Table 28.1 shows the sites at which surgery 
may be performed in association with specific nerve 
blocks. This form of anaesthesia requires a high level 
of expertise and an understanding of the issues of 
managing a conscious patient during surgery. 

Intravenous regional anaesthesia (IVRA) is suitable 
for manipulation of fractures and brief operations 
(less than 30 min) on the forearm and lower leg. It is 
technically easy to perform but fatalities have occurred 
as a result of a large dose of local anaesthetic reaching 
the systemic circulation. Before performing IVRA, it is 
essential to understand how the risk of complications 
may be minimized and how they may be treated if they 
occur. Details of the technique and safety precautions 
are described in Chapter 24. 


POSTOPERATIVE ANALGESIA 


Oral and Intravenous Agents 


Many patients are already taking regular analgesics 
for pre-existing bone and joint pain. Paracetamol is very 
useful in reducing the dose requirements of other 
analgesics, and may occasionally be sufficient analgesia 
alone. It is virtually free from side-effects in standard 
doses, and is contraindicated only in patients with liver 
dysfunction. If gastric motility is impaired, it may be 
administered rectally. The addition of NSAIDs, in the 
absence of contraindications, is usually useful and re- 
duces the requirement for opioid analgesia. 

NSAIDs inhibit the formation of prostaglandins 
and are widely used as analgesics in the treatment of 
acute bone-related pain. The newer COX-2 inhibitors 
potentially widened the number of patients who could 
benefit from these agents by reducing the potential 
for gastroduodenal ulceration, although as mentioned 
above, their use has been curtailed due to reports of in- 
creased incidences of myocardial infarction and stroke 
in patients taking long-term COX-2 inhibitors, leading 
to the withdrawal of rofecoxib in September 2004. 

Prostaglandins are known to have an important 
role in bone repair and homeostasis. Animal studies 
have demonstrated that both non-specific and specific 
inhibitors of COX impair fracture healing. Some stud- 
ies have suggested that this impairment results from 
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COX-2 inhibition. This has raised concerns regarding 
the use of NSAIDs as anti-inflammatory or analgesic 
drugs in patients undergoing orthopaedic procedures; 
however, the clinical implications of this are probably 
minimal and NSAIDs remain extremely important an- 
algesic agents for orthopaedic patients. 

NSAIDs also affect platelet function and would 
therefore be expected to increase perioperative blood 
loss. The clinical evidence for increased blood loss in 
major arthroplasty surgery patients receiving NSAIDs 
is minimal. 

Intravenous opioids are frequently used following 
major joint arthroplasty. Patient-controlled analgesia 
systems are the most commonly used delivery systems. 
The doses of opioid required are much reduced by the 
other analgesic agents prescribed, thus minimizing the 
risk of side-effects. 


Central Neuraxial Drugs 


Single-dose spinal or epidural anaesthesia using local 
anaesthetic alone usually provides analgesia for only 
a relatively short period of time after operation. An 
adjuvant administered into the intrathecal or epidural 
space with the local anaesthetic improves the quality 
of the block and extends the duration of analgesia. 
Table 28.2 describes some of the more commonly ad- 
ministered drugs. 

An epidural (or, rarely, intrathecal) infusion of 
local anaesthetics may be combined with an opioid 
to produce excellent analgesia. The combination of 
local anaesthetic and opioid is synergistic, reducing 
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the side-effects of both and minimizing motor block. 
However, relatively high incidences of itching, nausea 
and urinary retention are encountered. It is routine 
practice in most hospitals to insert a urethral catheter 
in the anaesthetic room to avoid urinary retention in 
the postoperative period. 

Epidural infusions are commonly used for up to 
5 days following major orthopaedic surgery. Careful 
observation for signs of inadequate analgesia (often a 
result of catheter migration) and infection is required. 
The involvement of an acute pain team is very useful 
in this regard. Many units manage these patients in an 
extended recovery or high-dependency setting to in- 
crease the level of nursing care and to facilitate early 
detection and prompt management of complications. 


Peripheral Nerve Blocks 


Peripheral nerve block, with or without a central 
neuraxial block or general anaesthesia, often provides 
excellent pain relief for a number of hours postopera- 
tively, allowing transition to oral or intravenous an- 
algesia when required. The use of continuous 3-in-1 
(femoral sheath) nerve block after knee replacement 
surgery results in better pain relief, faster postopera- 
tive rehabilitation and earlier discharge from hospital 
than opioid analgesia alone. Posterior lumbar plexus 
block (psoas compartment) or 3-in-1 femoral sheath 
block combined with proximal sciatic nerve block (e.g. 
Labat’s approach or a parasacral approach) can be used 
for hip surgery, although it is difficult to obtain an- 
algesia of the entire surgical area with peripheral blocks 


TABLE 28.2 


Central Neuraxial Block Adjuvants 


Drug Action Duration Side-Effects 
Morphine Opioid receptor agonist Long Itching, nausea, urinary retention, respiratory depression 
Diamorphine Opioid receptor agonist Medium Itching, nausea, urinary retention, respiratory depression 
Fentanyl Opioid receptor agonist Short Itching, nausea, urinary retention, respiratory depression 
Clonidine a,-adrenoceptor agonist Extends block Sedation, hypotension, respiratory depression 
duration 

Ketamine N-methyl D-aspartate Long Dysphoria, sedation, possible intrathecal toxicity 

receptor antagonist 
Adrenaline Adrenoceptor agonist Extends block Systemic sympathetic activation (tachycardia, 


duration 


hypertension), myocardial ischaemia 


alone. More recently, the introduction of enhanced 
recovery programmes, involving extensive local anaes- 
thetic infiltration around the joint capsule and early 
mobilization following surgery, has reduced the use of 
formal peripheral nerve blockade following lower limb 
arthroplasty. 

Single-dose peripheral nerve blocks using a long-act- 
ing local anaesthetic such as levobupivacaine may last 
for over 16h. Additives such as clonidine may be used 
to prolong the duration of single-dose blocks, although 
few additives have been shown clearly to be effective in 
this regard. Alternatively, a catheter may be inserted, 
allowing an infusion of a low concentration of a local 
anaesthetic drug (e.g. 0.2% ropivacaine) to allow selec- 
tive return of motor power. 

Nerve injury due to peripheral nerve block is rare 
(see Ch 43); it occurs in 1:5000 to 1:10000 blocks per- 
formed, and patients with concurrent comorbidity, such 
as diabetes or vascular disease, may have an increased 
risk. However, the incidence of nerve injury secondary 
to orthopaedic surgery (direct trauma, tourniquet or 
positioning) is more frequent and often occurs in the 
sensory distribution of the nerve block. This reduces the 
popularity of peripheral nerve blocks in some institu- 
tions lest the block is blamed for nerve damage. 


SURGICAL CONSIDERATIONS 
Positioning 
Patients with arthritis frequently have restricted mo- 
bility of joints. Positioning at the extremes of the range 
of movement of diseased joints may cause severe post- 
operative pain in addition to the pain resulting from 
the operation. Consequently, a patient’s ability to as- 
sume the position required for operation must be as- 
sessed carefully; it is often useful to ask the patient to 
adopt that position before induction of anaesthesia if 
there is concern that mobility of joints may be an issue. 
Orthopaedic surgery often requires the use of unusual 
positions, some of which carry risks of nerve damage, 
soft tissue ischaemia, electrical and thermal injury, and 
joint pain. Care must be taken in protecting areas at 
risk of injury. These include bony promontories, sites 
of poor tissue viability and locations where nerves run 
close to the skin or close to the surface of a bone. 
Forceful movement of the patient by the surgeon 
is often inevitable during orthopaedic surgery. When 
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such movement occurs, it is advisable to re-check the 
patient’s position, ensuring that soft tissues, nerves, 
eyes and venous access sites are protected. Although 
some procedures may be performed under regional 
anaesthesia alone, long operations may result in dis- 
comfort related to posture, and when the block wears 
off there may be significant discomfort if positioning 
has been poor during the procedure. 

Some positions adopted during orthopaedic sur- 
gery are associated with venous air embolism. These 
postures include the lateral position for hip surgery, 
the sitting position for shoulder surgery and the 
prone position for spinal surgery. Monitoring for, and 
treatment of, air embolism are discussed in detail in 
Chapter 43. 


Prophylaxis Against Infection 


Prophylactic intravenous antibiotics are often used 
during orthopaedic surgery. Infection of bone is par- 
ticularly threatening to the patient and is very difficult 
to eradicate; consequently, prevention is a high prior- 
ity. Allergic reactions to antibiotics may occur and fa- 
cilities must be available to treat such a reaction when 
intravenous antibiotics are used. 

Laminar flow is used commonly in orthopaedic 
theatres to provide a constant flow of microscopically 
filtered air over the surgical field, and to minimize the 
risk of wound infection by environmental pathogens. 
This high flow of air over the patient’s body surface 
greatly speeds convective heat loss, and precautions 
should be taken to avoid hypothermia. 

Various in-theatre rituals exist for the prevention 
of cross-infection. These include the wearing of face 
masks and hats; however, the evidence supporting their 
use is scant. 


Prophylaxis Against Hypothermia 


Following induction of general or regional anaesthe- 
sia, heat is redistributed from the core to the peripher- 
ies. Following induction of general anaesthesia, there is 
typically a reduction in core temperature of 1°C in the 
first 30 min of anaesthesia. Core temperature reduces 
more slowly after this initial redistribution phase, typi- 
cally by approximately 0.5°C per hour, although the 
rate of fall is heavily dependent upon ambient temper- 
ature, exposure and insulation, and the use of warming 
devices (see Ch 11). 
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Hypothermia is known to be associated with in- 
creased blood loss because of the narrow temperature 
range in which enzyme-dependent systems work, and 
perhaps because of platelet sequestration in the spleen. 
Hypothermia is also associated with poor postopera- 
tive wound healing and postoperative hypoxaemia. 

The most effective method of reducing heat loss 
is forced air warming. However, warmed intravenous 
and surgical irrigation fluids and impermeable surgi- 
cal drapes to reduce heat loss by evaporation are also 
useful. 


Prophylaxis Against Thromboembolism 


Deep venous thrombosis (DVT) may complicate any 
surgery, but is associated particularly with surgery in- 
volving the pelvis, hip and knee. Pulmonary embolism 
(PE) may be fatal and accounts for 50% of all deaths 
after surgery for hip replacement. Although an infu- 
sion of dextran has been shown to reduce the inci- 
dence of PE after surgery, there is a relatively high risk 
of anaphylaxis associated with its administration, and 
low-dose heparin regimens have become the norm. 
There is evidence that heparin reduces the incidence 
of fatal PE in high-risk groups, including patients who 
undergo surgery on the pelvis, hip or knee. Compared 
with unfractionated heparins (UFH), low molecular 
weight heparins (LMWH) inhibit the coagulation en- 
zyme Xa and bind antithrombin-3 to a similar extent, 
but bind less to thrombin. The use of LMWH might be 
expected to result in less surgical bleeding than when 
UFH is used. LMWH probably protects better against 
DVT after hip replacement but the evidence for better 
prophylaxis against PE is less firm. The simplicity of 
once-daily administration of LMWH is an added ad- 
vantage compared with UFH. Newer oral agents have 
the potential to provide patients with an even simpler 
postoperative prophylaxis treatment. This topic is dis- 
cussed in detail in Chapter 13. 

Dehydration and immobility increase the risk of 
the development of postoperative DVT. Consequently, 
adequate hydration and encouragement of early post- 
operative mobilization are advisable. Good analgesia 
improves mobilization and regional anaesthesia may 
be particularly helpful in this regard. 

Epidural anaesthesia reduces fibrinolysis and acti- 
vation of clotting factors, reduces the risk of DVT and 
may reduce the risk of PE. These advantages, and the 
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very small risk of epidural haematoma in patients who 
have received heparin, must be considered in an overall 
risk—benefit assessment of the use of epidural anaes- 
thesia or analgesia during and after surgery. Current 
practice is to wait at least 12h after the administration 
of LMWH before insertion of an epidural catheter. A 
similar interval should be used between administra- 
tion of LMWH and removal of the epidural catheter. 

Correctly applied graduated stockings and inter- 
mittent calf compression devices reduce the incidence 
of DVT, but there may be no extra benefit for patients 
who receive heparin. 


Arterial Tourniquets 


Effective exsanguination of a limb and application of 
an arterial tourniquet greatly improve the visibility of 
the surgical field, as well as minimizing surgical blood 
loss. Exsanguination may be performed by elevation 
of the limb or by wrapping it in a rubber bandage. 
The tourniquet cuff should be 20% wider than the 
diameter of the limb; this correlates to approximately 
one-third of the circumference of the limb. To avoid 
damage by shearing and compression of skin, nerves 
and other tissues, the tourniquet should be lined with 
padding and applied over muscle bulk. To avoid injury 
from chemical burns, entry of spirit-based cleans- 
ing lotions under the cuff must be prevented. This is 
achieved usually by wrapping adhesive tape round the 
distal edge of the tourniquet and the adjacent skin. 
The pressure in the arterial tourniquet should, in all 
cases, exceed arterial pressure, but, for reasons explained 
below, pressures are required that significantly exceed 
arterial pressure if arterial ooze is to be prevented. For 
the lower limb, this pressure is typically 300 mmHg (or 
150mmHg above systolic arterial pressure) and for 
the upper limb, 250 mmHg (or 100 mmHg above sys- 
tolic arterial pressure). These rather wide margins are 
used for two reasons. First, the pressure on the mea- 
suring gauge is not the same as the effective tourniquet 
pressure; the narrower the cuff, the greater is the dif- 
ference. Second, blood pressure commonly increases 
about 30 min after the tourniquet is inflated. This is not 
caused by the autotransfusion during exsanguination 
or by the increased systemic vascular resistance caused 
by tourniquet inflation, but results probably from ac- 
tivation of C-fibres by ischaemia (mediating ‘slow’ 
pain). This pain may be difficult to relieve, and patients 


whose operation is conducted under regional anaes- 
thesia may find the pain intolerable, and may therefore 
require general anaesthesia. Some temporary tolerance 
may be achieved by administration of a short-acting 
opioid (e.g. alfentanil 250 ug), inhaled nitrous oxide or 
intravenous ketamine (e.g. 0.2 mg kg~'). Dense regional 
anaesthesia, whether spinal, epidural or nerve block, 
may prevent tourniquet pain. However, despite an ap- 
parently adequate block, occasions may arise in which 
the patient becomes intolerant of the tourniquet after 
some time. The noxious stimulation of tourniquet pain 
is also apparent during general anaesthesia, when the 
arterial pressure often increases progressively until the 
tourniquet is deflated. 

Electromyographic and histological changes which 
follow prolonged application of a tourniquet reverse 
after deflation. The maximum period of safe ischaemia 
is unknown. Lasting damage is unlikely if a tourniquet 
time of 90-120 min is not exceeded. Current practice is 
that 2h represents the absolute upper limit of tourniquet 
inflation time. Brief deflation followed by re-inflation 
of a tourniquet that has been in place for 2h is not ad- 
equate ‘rest’ for the limb; several hours are required for 
restoration of metabolic normality within the limb. 

When the tourniquet is deflated, the products of 
anaerobic metabolism in the limb are released. A bolus 
of cold, acidic, hypercapnic and hypoxic blood is returned 
to the circulation. The systemic vascular resistance 
suddenly decreases, and venous volume increases. This 
may result in transient cardiovascular changes, includ- 
ing cardiac arrhythmias, myocardial ischaemia and 
changes in arterial pressure. There may also be an in- 
crease in intracranial pressure (which is of importance 
in patients with reduced intracranial compliance, 
e.g. as a result of recent head injury). Bleeding may 
also occur at the operative site. Tourniquets on more 
than one limb should never be deflated (or inflated) 
simultaneously. 

Tourniquets may cause damage to peripheral tis- 
sues, to the tissue underlying the cuff and to the pa- 
tient as a whole due to the release of altered blood once 
the tourniquet is deflated. They are contraindicated to 
differing degrees in patients with poor peripheral cir- 
culation, crush injuries, infection and sickle cell dis- 
ease or trait. The use of a tourniquet in a patient with 
sickle cell disease may result in within-limb sickling 
and subsequent ischaemia or thrombosis. 
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Blood Conservation 


An arterial tourniquet is used during a large propor- 
tion of orthopaedic operations. Consequently, intraop- 
erative blood loss is often slight. However, tourniquets 
cannot be used for some procedures, such as hip ar- 
throplasty and shoulder surgery, which may result in 
significant blood loss. Spinal surgery, in particular, is 
frequently associated with very extensive blood loss; 
bleeding from epidural veins is often responsible, and 
the techniques of blood conservation described below 
have made possible several spinal surgical procedures 
which were previously too dangerous to contem- 
plate. Transfusion of donated blood carries significant 
risks, including cross-infection, hypothermia, clotting 
dysfunction, electrolyte disturbances, mismatched 
transfusion and allergic reactions. Donor blood is also 
a very expensive and rapidly dwindling resource. For 
these reasons, it is considered appropriate to avoid 
blood transfusion where possible. Various techniques 
are in popular use. 


Avoidance of Red Cell Loss 


The use of a tourniquet significantly reduces blood loss 
associated with limb surgery (see above). Isovolaemic 
and hypervolaemic haemodilution have been proposed 
as methods of reducing the requirement for donor 
blood, but the evidence for these practices is tenu- 
ous. Careful positioning may reduce venous bleeding 
through the assurance of adequate venous drainage at 
the surgical site. The maintenance of normothermia 
avoids hypothermia-induced clotting dysfunction. 
Epidural and spinal anaesthesia are associated with 
reduced intraoperative blood loss; this association is 
probably related to reductions in both arterial and ve- 
nous pressures. 


Cell Salvage 


The collection and retransfusion of blood lost dur- 
ing surgery has become popular in recent years. Few 
contraindications exist, although some of these are rel- 
evant in patients presenting for orthopaedic surgery. 


m Salvage and retransfusion of blood from a wound 
containing malignant cells is contraindicated 
because of the risk of dissemination of tumour 
cells. Malignant cells are incompletely removed 
by washing and filtration. 


586 28 


m Contamination with bowel contents or infection 
at the site of blood retrieval is a contraindication 
to salvage and retransfusion. Washing with anti- 
biotic solutions has been shown to be ineffective 
in neutralizing all bacteria. 

m Salvaged blood which contains topical haemo- 
static agents such as collagen, cellulose, gelatin 
and thrombin should not be retransfused as it 
may result in intravascular coagulation. 

m Salvaged blood which contains surgical irrigants, 
liquid methylmethacrylate or antibiotics not li- 
censed for parenteral use (e.g. neomycin) should 
not be retransfused. 


Modified Transfusion Triggers 


Most modern clinical practice guidelines recommend 
restrictive red blood cell transfusion practices with 
the goal of minimizing transmission of blood-borne 
pathogens. The haemoglobin concentration used as a 
trigger for transfusion has reduced progressively in re- 
cent years as awareness has increased that patients are 
relatively tolerant of anaemia if they do not have any 
organs with perfusion or oxygenation problems, and if 
an adequate cardiac output (and therefore an adequate 
circulating intravascular volume) is present. The con- 
text of the patient’s anaemia is also of importance; if 
the patient is still losing blood, a haemoglobin con- 
centration of 8g dL~ is less tolerable than if bleeding 
has ceased. Independent of the patient’s coexisting pa- 
thology, anaemia is less acceptable half-way through a 
hip arthroplasty than it would be at the end of a knee 
arthroscopy. Thus, the patient’s haemoglobin concen- 
tration is relevant, but must be considered together 
with coexisting organ function and oxygenation (e.g. 
angina, renal dysfunction, transient ischaemic attacks), 
the nature of the operation and the timing of the mea- 
surement in relation to the progress of the procedure. 
Healthy patients tolerate a haemoglobin concentra- 
tion of 7 gdL™' well if they have no additional require- 
ments for physiological reserve. It may be safer to use 
a higher trigger than this for patients with known or- 
gan malperfusion. The adoption of lower transfusion 
triggers for patients undergoing surgery mandates that 
intravascular volume is maintained meticulously, be- 
cause anaemia is tolerated poorly in the presence of 
a reduced cardiac output. It is also necessary to check 
the patient’s haemoglobin concentration frequently 
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during the operation and in the early postoperative 
period; this is performed easily using a HemoCue® 
haemoglobinometer. 


Hypotensive Anaesthesia 


Intentional reduction of the systemic arterial pressure 
is rarely indicated in orthopaedic surgery. The risk of 
poor perfusion of vital organs makes this a potentially 
dangerous technique, and other options exist to avoid 
donor blood transfusion and to maintain a clear surgi- 
cal field. 


SPECIFIC SURGICAL PROCEDURES 
Primary Hip Arthroplasty 


The operation is performed in either a supine or a 
modified lateral position. The femoral head is removed, 
and the new cup and femoral components are fixed to 
prepared bone with polymethylmethacrylate cement. 
Application and hardening of the cement, particularly 
after its insertion into the femoral shaft, are sometimes 
accompanied by sudden reductions in end-tidal CO, 
concentration and arterial pressure. Although attribut- 
able in part to toxic monomers released as the cement 
polymerizes, the high incidences of these changes re- 
ported when the technique was relatively new were 
probably related to a high frequency of air embolism; 
air was forced into the circulation as the prosthesis was 
pushed into the femoral shaft. Techniques such as fill- 
ing the shaft with cement from the bottom upwards, 
or venting the shaft with a cannula, have dramatically 
reduced the incidence of adverse events. However, in- 
sertion of cement may still cause embolism of marrow, 
fat or blood clots. Embolization of air is also possible 
if the intramedullary pressure increases above venous 
pressure. Intramedullary pressure reaches its highest 
values when intact bone is first opened and reamed. 

Regional anaesthesia is regarded by many anaes- 
thetists as the preferred technique for hip replacement 
(see above) and immediate postoperative pain may be 
controlled by the addition of a spinal opioid to the lo- 
cal anaesthetic used. Blood loss is rarely large during 
primary replacement but vigilance is required, as as- 
sessment is made difficult by the large volumes of ir- 
rigation fluid used during the operation. Temperature 
homeostasis should be maintained by the use of active 
warming devices such as a warm air blanket. 


To reduce the risk of dislocation of the new joint, 
the patient is placed supine in an abduction splint at 
the end of the procedure. This device makes it dif- 
ficult to move the patient, and extra assistance is 
needed if the patient needs to be turned during the 
immediate recovery phase. After the first few post- 
operative hours, analgesic requirements are usually 
fairly low, irrespective of the anaesthetic technique 
employed. Newer enhanced recovery strategies involve 
extensive infiltration of the whole joint capsule with a 
large volume of dilute local anaesthetic (plus a variety 
of adjuvant agents), to allow early mobilization and 
encourage rapid recovery following surgery. 


Hip Resurfacing Arthroplasty 


This is a more recently developed surgical technique 
for primary hip arthroplasty with the advantage that 
only the joint surfaces are removed during surgery. 
Most of the normal bone is preserved, including the 
femoral head and neck. The medullary canal is not 
opened and no femoral stem prosthesis is necessary. 
It is an operation designed to postpone definitive joint 
replacement in younger patients with progressive dis- 
ease. The operation is intended to interfere minimally 
with the normal mechanics of the joint and it is also 
anticipated that the longevity of the prosthesis should 
be greater than when a rigid stem prosthesis is placed 
in elastic bone. The anaesthetic management for this 
procedure is essentially the same as for traditional pri- 
mary hip arthroplasty. The risk of embolic events is 
low because of the reduced bone destruction and lack 
of exposure of the femoral medullary canal. 


Revision of Hip Replacement 


Hip prostheses have a finite life, and increasing num- 
bers of patients present for removal of the original 
prosthesis and insertion of a new one. This procedure 
is of longer duration and usually involves greater 
blood loss than primary hip replacement. General 
anaesthesia, often combined with a regional block, is 
used commonly. In addition to the precautions for 
primary hip replacement, central venous and inva- 
sive arterial pressure monitoring may be considered. 
A bladder catheter should be inserted to monitor 
urine output. Greater heat loss is experienced be- 
cause of the increased length of the procedure and 
particular attention needs to be paid to maintenance 
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of core temperature to reduce intraoperative coagu- 
lation abnormalities and postoperative complica- 
tions. The use of blood conservation techniques such 
as intraoperative cell salvage should be considered. 
Replacement clotting factors may be required to 
correct abnormalities of coagulation if major blood 
loss occurs. Patients who have undergone revision 
of a hip replacement may require a period of high- 
dependency care postoperatively. 


Dislocation of a Prosthetic Hip 


This needs manipulation and reduction to relieve pain 
and is more urgent if posterior dislocation threat- 
ens the sciatic nerve; this is more likely after trauma. 
Usually, a brief general anaesthetic without neuromus- 
cular blockade suffices; if reduction is difficult, mus- 
cle relaxation may be required. It is often unrealistic 
to move the patient from the bed before inducing 
anaesthesia, but precautions against regurgitation 
and aspiration of gastric fluid, including antacids and 
rapid sequence induction, may be indicated if urgent 
reduction is required or if the patient has been receiv- 
ing systemic opioid analgesics (which delay gastric 
emptying). Usually, the patient wakes up with less pain 
than before manipulation. 


Knee Replacement 


Spinal or general anaesthesia are appropriate tech- 
niques for this operation. Knee replacement is per- 
formed with the patient in the supine position. Pain 
after knee replacement is more severe than after most 
other major joint replacements. Administration of 
a spinal opioid or performance of sciatic and 3-in-1 
(femoral sheath) blocks results in prolonged analge- 
sia. Paracetamol and NSAIDs should be prescribed 
on a regular basis (if there are no contraindications), 
together with an opioid. Again, newer enhanced re- 
covery strategies involve extensive infiltration of the 
whole joint capsule with a large volume of dilute local 
anaesthetic (plus a variety of adjuvant agents) to allow 
early mobilization and encourage rapid recovery fol- 
lowing surgery. 

There is less risk of thromboembolism after knee 
replacement than after other major joint replace- 
ments. Close observation for evidence of hypotension 
and cardiac arrhythmias, particularly in frail patients, 
is required following deflation of the tourniquet as 
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the products of cellular metabolism are washed out 
of the tissues into the circulation. Significant blood 
loss may occur when the tourniquet is deflated and it 
may be necessary to reassess fluid and blood transfu- 
sion needs in the early recovery period. Specialized 
drains, which collect postoperative blood loss and 
allow immediate retransfusion, are often inserted by 
the surgeon. 

Manipulation under anaesthesia is sometimes 
needed in the postoperative period. Muscle relaxants 
are not required. Depending on the extent of manipu- 
lation, intravenous opioid analgesia may be required 
to control pain, especially in the first hour after the 
procedure. Nerve blocks may be given to aid passive 
mobilization of the joint following the procedure. 


Shoulder Replacement 


Patients undergoing shoulder replacement are often 
younger than those requiring hip or knee arthroplasty. 
They usually mobilize more rapidly in the postopera- 
tive period and rarely require a prolonged infusion of 
intravenous fluids or blood transfusion. 

During surgery, the patient is placed in a lateral or 
‘deckchair’ position. The patient’s head is relatively 
inaccessible during the procedure; tracheal intuba- 
tion with a reinforced tube provides a secure airway. 
Surgery often involves vigorous manipulation of the 
arm, so the head needs to be fixed firmly to the op- 
erating table. To avoid sudden hypotension, elevation 
to the deckchair position should be undertaken with a 
freely running intravenous infusion, with vasopressors 
available. Because the shoulder is above the heart dur- 
ing surgery, there is a risk of air embolism. Interscalene 
brachial plexus block with insertion of a catheter pro- 
vides effective analgesia after surgery; indeed, it is pos- 
sible to carry out the whole procedure under this block 
in combination with judicious sedation. Transient 
neuropraxia may be attributed to these blocks but, as 
with lower limb surgery, this is more likely to be caused 
by the surgical procedure. After other operations on 
the shoulder, when no prosthesis is inserted and the 
infection risk is lower, intermittent injections of local 
anaesthetic through a subacromial catheter may be 
used for pain management. More peripheral blockade 
of the nerve supply to the shoulder (suprascapular and 
axillary) may also be carried out to provide postopera- 
tive analgesia. 


ANAESTHESIA FOR ORTHOPAEDIC SURGERY 


Spinal Surgery 

Spinal surgery is a major orthopaedic subspecialty. 
It provides several challenges for the anaesthetist; these 
include massive blood loss, difficult airway manage- 
ment, single-lung ventilation and consideration of a 
variety of pathologies seldom seen outside this surgical 
population. Spinal surgical procedures include trauma 
surgery, vertebral fusion, laminectomy and correction 
of scoliosis. The very young and the very old may pres- 
ent for spinal surgery. 

Active warming is required during most procedures 
to prevent hypothermia caused by extensive surgical 
exposure through a long wound, blood transfusion 
and laminar airflow systems. 

Airway management may be difficult in patients 
with cervical spine instability; these patients may have 
external spinal fixation. Patients with a cervical spinal 
cord injury may develop autonomic hyperreflexia and 
cardiovascular instability. Succinylcholine may pro- 
duce a dangerous increase in serum potassium con- 
centration in patients who have a denervating spinal 
cord injury which is more than 24h old. This is caused 
by a proliferation of nicotinic cholinergic receptors at 
the neuromuscular junction. Difficult airway manage- 
ment skills are often needed to achieve tracheal intuba- 
tion in patients with an anatomical abnormality of the 
spine, e.g. ankylosing spondylitis or scoliosis. 

Scoliosis is associated with neuromuscular diseases 
in many patients. There is some evidence that such 
diseases (e.g. muscular dystrophies) may be associated 
with an increased risk of malignant hyperthermia or 
a malignant hyperthermia-like syndrome of abnormal 
metabolism in muscles, with a rapid and progressive 
increase in core temperature. There may also be in- 
creased difficulty with spontaneous ventilation in the 
postoperative period because of muscle weakness. 

Patients with scoliosis may have severely limited re- 
spiratory function (e.g. a restrictive defect due to sco- 
liosis) and may be at risk of increased intraoperative 
bleeding. Single-lung ventilation is often required to 
achieve adequate surgical access during the correction 
of thoracic scoliosis. 

Spinal cord function may be compromised during 
correction of scoliosis because of ischaemia caused by 
excessive straightening of the spine. Spinal cord integ- 
rity may be tested using an intraoperative wake-up test. 
This requires preoperative psychological preparation 


of the patient and a suitable anaesthetic technique. 
However, the wake-up test has been superseded almost 
entirely by advances in spinal cord monitoring tech- 
niques including somatosensory and motor evoked 
potential recording, which give an early warning of 
compromised spinal cord blood supply during surgery 
to correct scoliosis. 


Peripheral Surgery 


Most peripheral orthopaedic surgery may be carried 
out in the day-case setting. If general anaesthesia is 
required, a simple inhalational technique usually 
suffices. Regional techniques provide excellent an- 
algesia postoperatively and reduce the degree of dis- 
ability which the patient suffers. Regional techniques 
may obviate the need for general anaesthesia and 
may lead to earlier discharge and a high level of pa- 
tient satisfaction. There is increasing interest in the 
use of regional techniques for both intraoperative 
and postoperative management; one or more cathe- 
ters are inserted at the time of operation, and used to 
infuse a local anaesthetic. It is easy to underestimate 
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the degree of pain and disability that the patient 
may experience following peripheral orthopaedic 
operations. Analgesia should be prescribed on a 
regular basis postoperatively and additional ‘as re- 
quired’ analgesia should be made available. Regular 
paracetamol, NSAIDs and opioids, if required and 
not contraindicated, should be prescribed. At the 
end of many procedures, a plaster cast is applied. 
If anaesthesia ends before the plaster hardens, the 
patient may move, break the cast and need to be 
reanaesthetized. 
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SURGERY 


ar, nose and throat (ENT), maxillofacial and 
dental surgical procedures account for a significant pro- 
portion of work in most anaesthetic departments. Recent 
cost-benefit and evidence-based analyses have reduced 
the number of common procedures performed such as 
tonsillectomy, insertion of grommets and removal of im- 
pacted wisdom teeth. Bodies such as the National Institute 
for Health and Clinical Excellence (NICE) have reviewed 
the evidence relating to many procedures and developed 
rigorous guidelines for referral and intervention. 

Other trends in surgical practice have offset this reduc- 
tion, e.g. the prevalence of alcohol-related facial trauma 
and the increasing use of surgery in the treatment and 
palliation of cancer of the head and neck. The incidence 
of these cancers, particularly of the oral cavity, presents a 
significant and increasing global burden of disease. 

The development of anaesthetic practice in these 
areas has therefore been concentrated on increasing 
the use of day-case surgery for more minor procedures 
and facilitating long and technically challenging oper- 
ations to remove tumours and reconstruct defects. The 
effect of surgical pathology on the upper airway con- 
tinues to require meticulous attention to airway man- 
agement and has led to the proliferation of new devices 
and techniques to overcome difficult intubation. 


ENT SURGERY 
The Shared Airway 


Special problems are caused when the airway is shared 
by both anaesthetist and surgeon (Table 29.1). If bleed- 
ing is anticipated, the airway must be protected and the 
oropharynx may be packed to avoid contamination of 
the larynx with blood, pus and other debris. If a pack is 
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TABLE 29.1 


Potential Problems Associated with the 
Shared Airway 


Disconnection of tracheal tube 


Dislodgement of tracheal tube 


Access for surgeon or anaesthetist 


Airway soiling 


Tube damage, e.g. laser 


Lack of visual confirmation of ventilation 


Eye care 


used, it should either be labelled or the tail left obviously 
emerging from the mouth as a reminder that it must be 
removed at the end of the operation. The anaesthetic 
circuit connections are usually hidden under the drapes 
and may well be ‘knocked’ by the surgeon during the 
procedure. Anaesthetic disconnections are, therefore, a 
constant threat. It is important to realize that disconnec- 
tions on the machine side of the capnograph sampling 
tube, in a patient who is breathing spontaneously, does 
not lead to a loss of the capnograph trace and so careful 
observation of the reservoir bag is mandatory. 

At the end of the procedure, the pack, if present, 
must be removed and the pharynx cleared of blood and 
debris before the trachea is extubated with the patient 
in a head-down lateral position. The fact that a pack 
was used and has been removed should be recorded. 


Tonsillectomy 


The number of tonsillectomy operations has de- 
creased by about a third since 1996, but there are still 
approximately 50000 procedures performed annually 


Various tubes used in ENT and oromaxil- 


FIGURE 29.1 
lofacial surgery. Clockwise from top left: armoured tracheal 
tube, south-facing moulded tracheal tube, north-facing 
moulded tracheal tube, microlaryngoscopy tube, armoured 
LMA, laryngectomy tube, laser tube. 


in England, just under half of which are in children. 
Almost all are performed under general anaesthesia, 
with 34% undertaken as day-case surgery. 

Premedication is frequently impractical with mod- 
ern admission practices but robust preoperative assess- 
ment is mandatory, in particular to obtain any history 
of obstructive sleep apnoea or other airway problems. 
Often, the patient is young and otherwise fit, and rou- 
tine investigations are unnecessary. 

Surgical access to the pharynx requires the insertion 
of a Boyle Davis gag. To facilitate this, a secure airway 
is usually maintained with a ‘south-facing’ moulded 
tracheal tube (Fig. 29.1). Alternatively, a reinforced la- 
ryngeal mask airway (LMA) can be used successfully 
provided that the surgeon carefully avoids displace- 
ment of the LMA during the insertion and removal of 
the gag. 

Spontaneous ventilation following the use of a 
short-acting muscle relaxant can be used to facilitate 
deep extubation in the lateral head-down position to 
protect the airway from soiling during emergence. 
Alternatively, positive pressure ventilation can be 
maintained throughout the procedure, with extuba- 
tion fully awake in the sitting position. Various surgi- 
cal techniques can be employed including cold steel 
dissection, electrodiathermy, laser and coblation. 
Blood loss can be significant and vigilance must be 
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maintained regarding fluid replacement; however, 
blood transfusion is rarely necessary. 

Tonsillectomy is painful and requires adequate 
postoperative analgesia. This frequently involves a 
multimodal approach with an initial dose of intrave- 
nous morphine together with paracetamol and a non- 
steroidal anti-inflammatory drug (NSAID). The latter 
can be given orally before surgery or parenterally dur- 
ing the procedure. Some evidence may point towards 
an increased risk of bleeding associated with the use 
of NSAIDs, but this is not clear-cut and most centres 
use this combination of drugs to facilitate early dis- 
charge. Multimodal antiemetic therapy should also be 
used because postoperative nausea and vomiting is a 
frequent cause of delay in discharge. There is also evi- 
dence to support the use of steroids for control of eme- 
sis and pain, usually as a single dose of dexamethasone. 
Some evidence supports the use of topical or locally 
infiltrated local anaesthetic. The early establishment 
of oral intake of food, fluids and analgesia encourages 
early discharge and should enable most operations to 
be performed as a day-case. 


Adenoidectomy 


This is a commonly performed operation in children 
to improve the symptoms of otitis media with effu- 
sion, and chronic rhinosinusitis. It is often combined 
with tonsillectomy and insertion of grommets. Recent 
systematic reviews have questioned the evidence of 
efficacy of adenoid surgery and therefore the frequency 
is decreasing. Adenoidectomy is also performed occa- 
sionally in adults for glue ear. 

As in tonsillectomy, good access to the pharynx is 
required, usually with a Boyle Davis gag, and therefore 
airway control with a ‘south-facing’ tracheal tube or 
reinforced LMA is employed. Adenoidectomy as a sole 
procedure is usually rather quicker and less painful 
than tonsillectomy and may not require long-acting 
opioid pain control. 


Rigid Endoscopy and Microlaryngoscopy 


Rigid endoscopy is performed commonly in ENT to 
facilitate examination, biopsy and treatment of abnor- 
malities of the upper aerodigestive tract. 

General anaesthesia is required, usually with tra- 
cheal intubation to provide a safe airway during sur- 
gery. Provided that no difficulty with intubation is 
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FIGURE 29.2 
rigid endoscope). 


Jet insufflator (note connection to attach to 


predicted, intravenous or gaseous induction is fol- 
lowed by the administration of a muscle relaxant de- 
pendent on the anticipated duration of the procedure. 
In general, a small cuffed (microlaryngoscopy) tube 
with internal diameter 4—6 mm is inserted into the tra- 
chea to allow the surgeon greater access to the phar- 
ynx. This should be placed in the left side of the mouth 
to allow passage of the rigid endoscope down the right. 

Examination, with or without biopsy, is usually of a 
short duration and mivacurium or suxamethonium is 
often used. Increasingly however, the operating micro- 
scope is used to resect neoplasms of the upper airway, 
especially laryngeal carcinoma, allowing less invasive 
damage to voice function. These operations may be 
prolonged, requiring attention to normothermia and 
fluid balance. Microlaryngeal tumour resection is often 
carried out using a precision laser cutting tool which 
requires either a tube specifically designed to toler- 
ate lasers or extreme care on the part of the surgeon 
to avoid the risk of damage to the tube and potential 
airway fire. Short-acting opioids provide balanced 
anaesthesia but morphine may be required for longer 
operations. Blood loss is not usually significant and is 
often controlled by the topical application of adrena- 
line with or without local anaesthetic. Safe extubation 
is normally achieved with full emergence and recovery 
of airway reflexes, and careful pharyngeal suction prior 
to the removal of the tube. 

Occasionally, the surgeon requires access to the 
larynx without the presence of a tracheal tube. In this 
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situation, oxygenation can be provided by jet insuffla- 
tion of the lungs via a subglottic catheter or an attach- 
ment to the endoscope (Fig. 29.2). The catheter can be 
inserted into the trachea either down the endoscope 
or through the cricothyroid membrane. Anaesthesia 
is maintained using an intravenous agent, usually 
propofol. 


Thyroid Surgery 

Thyroid surgery is increasingly performed by specialist 
ENT surgeons although some general surgeons still 
undertake the operation. 

Preoperative assessment of the anatomy of any goi- 
tre, usually by computed tomography, is vital to predict 
any impact on the ease of intubation of the trachea or 
ventilation of the lungs. Preoperative assessment also 
allows the surgical access route to be planned; this is 
usually via the neck, but may require intrathoracic 
access such as a sternal split if significant retrosternal 
extension of the tumour exists. Medical management 
of thyroid disease must be optimized preoperatively 
because abnormalities such as a thyroid storm can 
cause gross physiological problems intraoperatively. 

For routine thyroid surgery via the neck, it is suf- 
ficient to provide balanced general anaesthesia usually, 
using a reinforced tracheal tube to allow the operative 
area to be draped safely without risking occlusion of 
the tube. If the goitre is causing significant subglottic 
stenosis without stridor, a small tube must be avail- 
able which will pass easily through the stenosed area. 
If the stenosis extends into the chest towards and be- 
yond the carina, specialized thoracic techniques such 
as bronchial intubation may be required. If any diffi- 
culty is anticipated in securing ventilation or if stri- 
dor exists, intravenous hypnotics and muscle relaxants 
are contraindicated until a definitive airway has been 
established. 


Tracheostomy 


Surgical tracheostomy is usually performed in a se- 
dated or anaesthetized intubated patient. Occasionally, 
emergency tracheostomy is required in the unintu- 
bated patient, for example in stridor, and may even 
take place under local anaesthetic if general anaesthe- 
sia with a secure airway cannot be performed (see ENT 
emergencies below). Many procedures now take place 
percutaneously on the intensive care unit. If surgical 


tracheostomy is required, the patient is stabilized and 
the lungs ventilated in the operating theatre with the 
head and neck extended to allow access. When the sur- 
geon has dissected down to the trachea, the lungs are 
ventilated with 100% oxygen and the tracheal tube is 
withdrawn carefully into the proximal trachea to allow 
the tracheal window to be excised without perforat- 
ing the cuff. At this point, positive pressure ventilation 
of the lungs becomes impossible but in the event of 
surgical failure to insert the tracheostomy tube, the 
anaesthetic tracheal tube can be advanced back down 
the trachea past the defect to allow ventilation to be 
reinstituted. After the tracheostomy tube has been in- 
serted, the breathing system is connected to it and ven- 
tilation confirmed with visualization, auscultation and 
capnography. The anaesthetic tube may be removed 
and discarded after the tracheostomy tube has been 
secured. 


Nasal and Sinus Surgery 


Various operations are performed on the nose and 
sinuses to treat and prevent epistaxis, to improve 
the nasal airway, to reduce the symptoms of chronic 
rhinosinusitis or to improve the external appearance 
of the nose. Nearly all can be performed as day-case 
procedures. Major invasive access to the nasal sinuses 
such as the Caldwell Luc procedure have largely been 
replaced by the use of endoscopic sinus surgery which 
is more cost-effective in terms of symptom relief. 
Most nasal procedures in the UK are performed 
under general anaesthesia and range from simple 
diathermy of the inferior turbinates to prolonged 
cosmetic external rhinoplasty. The application of a 
mixture of topical local anaesthetic agents and other 
adjuncts (e.g. Moffat’s solution, which is a mixture 
of cocaine, adrenaline and bicarbonate) provides 
vasoconstriction before surgery. The airway must be 
secured to allow the delivery of oxygen and a volatile 
anaesthetic agent and also to protect the trachea from 
soiling by blood from the operative site. This can be 
achieved satisfactorily by the use of a reinforced LMA 
if there are no specific indications for tracheal intuba- 
tion such as obesity or the expectation of a prolonged 
operation. Special attention must be paid to avoid dis- 
connection or occlusion of the breathing system by 
the surgeon, or soiling of the trachea. Balanced anaes- 
thesia is achieved using increments of a short-acting 
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opioid or a longer-acting drug for prolonged or pain- 
ful procedures. Careful pharyngeal suction is per- 
formed at the end of surgery to ensure the removal of 
blood and other debris which may have accumulated. 
The use of a pharyngeal pack is generally unneces- 
sary but, if used, it is vital to ensure that it has been 
removed before emergence. Serious complications, 
including death, have been reported after failure to re- 
move a throat pack. The usual principles applying to 
day-case anaesthesia are adhered to including preop- 
erative assessment and postoperative care (see Ch 26). 


Ear Surgery 


Examination under anaesthetic, suction clearance 
and myringotomy with insertion of grommets are 
extremely common operations, particularly in chil- 
dren, and are performed to relieve the symptoms of 
chronic otitis media with effusion and to improve 
hearing. They may be combined with adenoidectomy 
and tonsillectomy for recurrent tonsillitis or chronic 
rhinosinusitis. Recent guidance published by NICE 
may reduce the prevalence of surgical management 
of these conditions. In general, these are quick opera- 
tions requiring attention to the principles of paediat- 
ric day-case anaesthesia. Postoperative pain is usually 
managed with a combination of paracetamol and an 
NSAID to allow early discharge. 

More complex procedures are performed on the 
structures of the ear using a microscope (Fig. 29.3), 
such as tympanoplasty to repair defects in the tym- 
panic membrane, mastoidectomy to reduce the risk of 
abscess and infection in the mastoid air cells and sta- 
pedectomy to improve hearing in otosclerosis. These 
are performed under general anaesthesia, increasingly 
as day-case procedures. Moderate hypotension has 
been employed to minimize bleeding in the operative 
field but hypotensive agents such as B-blockers and 
vasodilators have largely been superseded by the use 
of short-acting narcotic agents given by intermittent 
bolus or infusion. These provide smooth anaesthe- 
sia without variations in blood pressure associated 
with surgical bleeding, which can obscure the sur- 
geon’s view through the microscope. If hypotensive 
anaesthesia is to be employed, care should be taken 
to maintain vital organ perfusion and keep the mean 
arterial pressure above the lower limit of autoregula- 
tion of about 55 mmHg. In general, these techniques 
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FIGURE 29.3 


require positive pressure ventilation with an element 
of muscle relaxation. A ‘south-facing’ moulded tra- 
cheal tube or reinforced LMA can be used. Nitrous 
oxide is avoided in the gas mixture because it can in- 
crease the pressure in the middle ear, thereby increas- 
ing the risk of graft failure. Postoperative pain is not 
usually severe and can usually be managed using oral 
analgesia, often allowing same-day discharge. 


ENT Emergencies 
Bleeding Tonsil 


Primary haemorrhage occurs in the immediate post- 
operative period, usually in the recovery room, whereas 
secondary haemorrhage occurs at home some days 
later and may present via the Emergency Department. 
Blood loss may be profound and, occasionally, death 
still occurs as a result of post-tonsillectomy haemor- 
rhage. Initial treatment involves attention to the pri- 
mary goals of life support with the establishment of 
good intravenous access and volume resuscitation as 
well as the administration of oxygen. A blood sample 
must be sent for urgent cross-match. Emphasis has 
been placed on restoration of blood volume and pres- 
sure before induction of anaesthesia but in the face 
of profuse active bleeding, urgent surgical haemosta- 
sis is of paramount importance. Most experienced 
practitioners advocate a rapid sequence induction of 


Ear surgery. 


anaesthesia with cricoid pressure because the stomach 
may be full of blood. Preoxygenation is often difficult 
with the patient sitting up regularly spitting out blood, 
but it is vital. As soon as loss of consciousness has been 
achieved, the patient is placed in the supine position 
and the trachea is intubated as quickly as possible, with 
suction readily available. Alternatively, gaseous induc- 
tion can take place in the left lateral head-down posi- 
tion and the trachea intubated under deep inhalational 
anaesthesia. When haemostasis has been achieved, full 
resuscitation takes place. Restoration of normal blood 
pressure must be ensured to reveal all potential bleed- 
ing points. Consideration can then be given to post- 
operative management, which will depend on the 
condition of the patient. 


Epistaxis 

Common causes of epistaxis include surgery, trauma 
and spontaneous epistaxis, the last particularly in 
elderly hypertensive patients. Blood loss can be pro- 
found and resuscitative measures may be necessary. 
General anaesthesia may be required to facilitate an- 
terior or posterior packing of the nose, ligation of 
the sphenopalatine or anterior ethmoid arteries 
(often done endoscopically) and occasionally explora- 
tion of the neck to tie off the external carotid artery. 
Elderly patients are often on long-term anticoagulant 


therapy which may require urgent reversal using vita- 
min K and/or plasma derivatives, and blood samples 
must be sent for cross-matching. The patient has usu- 
ally ingested significant amounts of blood and rapid 
sequence induction with tracheal intubation is man- 
datory. If haemorrhage is swift and ongoing, preoxy- 
genation may take place in the sitting position with 
immediate transition to the supine position with the 
application of cricoid pressure as soon as conscious- 
ness is lost. When surgical control has been achieved, 
normal blood pressure must be restored to reveal any 
further bleeding points prior to emergence and extu- 
bation fully awake. Occasionally, if surgical control is 
incomplete or tenuous, it may be prudent to keep the 
patient sedated with the trachea intubated to allow for 
full correction of clotting abnormalities and for clots 
to form and organize before extubation. 


Epiglottitis and Stridor 


Epiglottitis is an acute life-threatening illness char- 
acterized by inflammation of the epiglottis and sur- 
rounding structures which can progress rapidly to 
complete airway obstruction. Previously, it was con- 
sidered to be primarily a disease of childhood but since 
the introduction of routine H influenzae type B vac- 
cination, it is now seen less frequently in children and 
is more common in adults. Presentation commonly in- 
volves a combination of one or more of drooling, dys- 
phagia and distress, often with other signs of systemic 
illness such as fever. The onset of respiratory symp- 
toms such as breathlessness or stridor indicates an 
extreme emergency and action should be taken to se- 
cure the airway. The cause is usually H influenzae type 
B bacterial infection (even in previously immunized 
individuals) and treatment involves airway support 
and intravenous antibiotics. If progression of airway 
compromise is anticipated, intubation of the trachea 
is indicated. Airway management may be very difficult 
and senior anaesthetic and ENT support must be sum- 
moned urgently. Tracheal intubation should take place 
if possible in an operating theatre environment with 
ENT surgical support and equipment immediately 
available, including facilities for rigid bronchoscopy 
and emergency tracheostomy. Fear and stimulation are 
known to worsen the airway compromise, and it is rec- 
ommended that attempted venous access should not be 
undertaken in a child before induction of anaesthesia. 
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Intubation may be difficult because of distortion of 
the laryngeal anatomy and most experts advocate in- 
halational induction with laryngoscopy under a deep 
plane of anaesthesia, with equipment for difficult intu- 
bation readily to hand. In the adult, fibreoptic-assisted 
intubation has been recommended. The trachea must 
remain intubated on an intensive care unit until it is 
confirmed that the swelling has largely subsided, usu- 
ally by fibreoptic nasendoscopy. If ventilation becomes 
compromised before intubation, creation of an emer- 
gency surgical airway may be necessary. 

Stridor, defined as a harsh high-pitched noise of 
breathing usually on inspiration, may also be due to 
other pathologies. Treatment is aimed at resolving the 
cause but in the face of worsening respiratory distress, 
emergency intubation of the trachea may be required. 
The anaesthetic management principles are as above; 
senior anaesthetic and ENT personnel must be avail- 
able and intubation should take place in an operating 
theatre environment. In general, supraglottic stridor 
caused by neoplasm or abscess may cause extreme dif- 
ficulty in rigid laryngoscopy and specialized methods 
must be available such as flexible fibreoptic endoscopy 
or retrograde intubation. In the event of failure, rapid 
surgical access to the airway may be necessary. In the 
presence of periglottic stridor, e.g. caused by laryn- 
geal neoplasia, or subglottic stridor, e.g. due to thyroid 
disease, tracheal intubation can usually be achieved 
using a rigid laryngoscope under deep inhalational an- 
aesthesia. Intravenous hypnotics or muscle relaxants 
must never be administered to a stridulous patient be- 
fore securing the airway. 


ORAL AND MAXILLOFACIAL 
SURGERY 


Oral Surgery 


The scope of modern oral surgical practice under 
anaesthesia continues to encompass primarily the re- 
moval of impacted teeth and treatment of associated 
dental pathology which cannot be dealt with under lo- 
cal anaesthesia by either the dentist or the oral surgeon 
due to the severity of the disease or the inability of the 
patient to tolerate dental procedures. Referral guide- 
lines now restrict the removal of impacted third molar 
teeth only to patients who are symptomatic, which has 
reduced the incidence of those operations. 
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Consideration must be given to the principles of 
management of the shared airway and often nasotra- 
cheal intubation is required to allow a safe airway with 
good surgical access to the mouth. Careful attention is 
paid to the correct length of tube, and visualization of 
the reservoir bag and capnography. The muscle relax- 
ant used is determined by the anticipated length of the 
procedure and whether the anaesthetist prefers to use a 
spontaneous breathing technique or positive pressure 
ventilation. In simple surgery, the anaesthetist and 
surgeon may elect to work around a laryngeal mask 
airway but vigilance is required to avoid displacement 
or disconnection, leading to ventilation problems. 
The use of a throat pack is largely historical because 
the surgeon should pay close attention to pharyngeal 
toilet at all times and the airway used should protect 
the trachea from soiling. Extubation may occur either 
under deep anaesthesia in the lateral head-down posi- 
tion, or fully awake. Most procedures are undertaken 
as day-cases and the principles of pain control involve 
a multimodal combination of local anaesthetic infil- 
trated by the surgeon, simple analgesics, and NSAIDs. 
Strong opioids are rarely required. 


Orthognathic Surgery 


Patients with severe facial architecture abnormalities 
or bite asymmetry problems may present for treat- 
ment requiring mandibular or maxillary osteotomy 
and advancement procedures. This occurs generally at 
a young age with minimal comorbidities but requires 
a general anaesthetic, usually lasting for several hours. 
Difficult laryngoscopy may be anticipated in patients 
with a severely retrognathic mandible and can require 
flexible fibreoptic intubation. Nasotracheal intubation 
is necessary and attention must be paid to fluid balance 
and intraoperative temperature control. Prophylactic 
intravenous antibiotics are given because microplates 
and screws are inserted to fix the skeleton into the 
new position. Postoperative pain and swelling can be 
severe and patients are often monitored on a high de- 
pendency unit and given ice packs and morphine if 
required. Postoperative jaw wiring is rarely indicated 
but multimodal antiemetic therapy is still important, 
including dexamethasone, which may reduce swelling 
as well as emesis. Paediatric orthognathic surgery, e.g. 
for cleft lip or palate repair, may also be performed by 
oromaxillofacial surgeons. 
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Facial Trauma and Fractures 


In the field of maxillofacial trauma, the anaesthe- 
tist may be called upon to provide help in the treat- 
ment of the acutely injured patient in the Emergency 
Department or, more commonly, in the operating the- 
atre for scheduled repair of facial fractures sustained 
previously. 

Facial trauma due to road traffic accidents became 
less common after the implementation of legislation 
relating to seat belts and driving while intoxicated, but 
this has been more than offset in the UK by the increase 
in alcohol-related violent injury. The management of 
trauma follows the principles of resuscitation of airway, 
breathing and circulation and this is the primary goal 
particularly in victims of polytrauma. In facial trauma, 
airway difficulties may result from obstruction, disrup- 
tion of normal anatomy, intoxication and cervical spine 
immobilization. Emergency tracheal intubation may be 
required if the clinical features of respiratory obstruc- 
tion, hypoxaemia or coma are progressing and also if 
the anticipated course of events is likely to lead to air- 
way compromise, e.g. facial burns. In these circum- 
stances, rapid sequence induction of anaesthesia with 
rigorous preoxygenation and cricoid pressure is the 
technique of choice if extreme difficulty in intubation 
is not anticipated. Equipment must be available for dif- 
ficult laryngoscopy such as the gum elastic bougie and 
McCoy laryngoscope, and senior anaesthetic personnel 
familiar with these techniques must be present. In the 
event of failure to intubate the trachea, a plan must be in 
place to maintain oxygenation if bag-mask ventilation 
is difficult. This may involve the laryngeal mask airway 
followed by cricothyroid airway access if that fails. If 
intubation using direct laryngoscopy is predicted to be 
extremely difficult or impossible, awake intubation may 
be necessary, or tracheostomy can be performed under 
local anaesthesia. Either technique can be challeng- 
ing in the intoxicated and combative individual. Some 
advocate the ‘awake look’ which involves gentle inser- 
tion of the laryngoscope before anaesthesia to ascertain 
whether a good view of the posterior pharyngeal struc- 
tures can be obtained. If this is satisfactory, intravenous 
induction of anaesthesia may be attempted safely. 

Patients with facial fractures usually present for re- 
duction and fixation 24—48h after injury, when swell- 
ing has subsided, intoxication is no longer present 
and the presence of a significant head injury has been 


ANAESTHESIA FOR HEAD & NECK CANCER SURGERY 597 


excluded. Depending on the mechanism of injury, 
the fracture may be mandibular, mid-face or isolated 
fractures of the zygoma or orbit. General anaesthesia is 
required and tracheal intubation is necessary in all but 
the simplest zygomatic elevation in a starved patient. 
Attention must be paid to the principles of the shared 
airway and consideration given to the optimal route of 
access to allow surgical intervention to proceed. Rarely, 
difficult intubation may be encountered because of 
anatomical disruption or residual swelling. Reduced 
mouth opening is usually caused by pain and stiffness. 
Most repairs of the mandible or mid-face involve in- 
traoperative intermaxillary fixation to optimize post- 
operative function and nasotracheal intubation is 
required. Isolated orbital or zygomatic repairs can be 
managed with a ‘south-facing’ oral tube. Occasionally, 
nasotracheal intubation is not possible if complex re- 
pairs involving the naso-ethmoidal bony skeleton are 
also to be undertaken, or if a fracture of the base of the 
skull is suspected (which may occur in Le Fort III frac- 
tures of the mid-face). In these circumstances, trache- 
ostomy may be required or, alternatively, submental 
intubation in which the tube is passed via an incision 
in the floor of the mouth through the oral cavity and 
into the trachea. 

When the operation has been completed, the tra- 
cheal tube can be removed safely and the patient should 
be nursed in an environment in which postoperative 
pain and swelling can be monitored and treated. 


ANAESTHESIA FOR HEAD & NECK 
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Tumours of the head and neck can arise from 
the lips, oral cavity, salivary glands, nose or na- 
sal sinuses, oropharynx, hypopharynx or larynx. 
Worldwide, cancer of the mouth and oropharynx 
is the tenth most commonly occurring form of can- 
cer. The tumours are most commonly squamous 
cell carcinomas which metastasize to lymph nodes 
in the neck. Neck disease may present with an un- 
known primary which can often be identified by ex- 
amination or radiological scanning. Squamous cell 
carcinomas are known to be associated with alco- 
hol and tobacco use, and increase in incidence with 
age. However in the UK and other developed coun- 
tries, for reasons which are unclear, there has been 
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a recent increase in the incidence of oral cancer in 
the age group 40 to 65 years, particularly in men 
(Fig. 29.4). Surgery, radiotherapy or chemotherapy 
may be the primary treatment modality depending 
on patient factors and the staging of the disease. 
Combinations are often used. Surgical resection 
may be performed by ENT surgeons or maxillofa- 
cial surgeons depending on the site of the tumour, 
and the expertise of plastic surgeons may be used 
for the reconstruction of defects. Anaesthesia must 
create conditions which allow surgery to take place 
safely, ensuring physiological support of all sys- 
tems, lack of awareness, pain control and excellent 
surgical access. 


Laryngectomy 

Small superficial tumours of the larynx are treated 
surgically by laser microlaryngoscopy (see above) or 
by partial or hemilaryngectomy. Total laryngectomy is 
performed for more advanced disease, usually without 
neck dissection because tumours of the glottis rarely 
metastasize to the neck. Preoperative assessment of pa- 
tients for laryngectomy must establish whether there is 
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any evidence of respiratory compromise, which may 
be due to airway obstruction by the tumour or con- 
current smoking-related illness. Flexible endoscopic 
examination of the glottis and CT staging of the neck 
can be used to predict difficulty in direct laryngos- 
copy. Tumours at the glottic level rarely present dif- 
ficulty in intubation and, if no respiratory obstruction 
exists, intravenous induction followed by tracheal 
intubation can be performed. A smaller non-cuffed 
tube may be required if there is significant glottic or 
subglottic stenosis. If respiratory obstruction with 
stridor is present, inhalational induction and laryn- 
goscopy under deep inhalational anaesthesia should 
be performed. Fibreoptic intubation may be necessary 
if difficult laryngoscopy is encountered or predicted, 
e.g. because of radiation-induced scarring of the floor 
of the mouth. During surgery, an end-tracheostomy is 
fashioned and a tracheostomy tube is inserted after the 
trachea has been divided below the larynx. To facilitate 
the division, the oral tracheal tube must first be with- 
drawn proximally and the lungs ventilated with 100 % 
oxygen. The operation usually lasts for several hours 
and attention must be paid to intraoperative warming, 
monitoring and fluid balance. 


Excision of Salivary Glands 


Access may be intra- or extra-oral; in the former, na- 
sotracheal intubation may be required. Otherwise, 
standard general anaesthesia using an orotracheal tube 
is appropriate. Operations on the parotid gland may 
be prolonged and it may be necessary to reverse neu- 
romuscular blockade during surgery so that the sur- 
geon can use a peripheral nerve stimulator to identify 
branches of the facial nerve. An infusions of a potent 
short-acting narcotic analgesic such as remifentanil 
can facilitate this. 


Neck Dissection 


This may be performed as a curative procedure or for 
local control of disease. It is usually combined with 
excision of the primary lesion, which may be oro- 
pharyngeal or nasal, but it is performed occasionally 
as a sole procedure if the primary is unknown or has 
been treated using another modality such as radia- 
tion. Cervical lymph tissue is dissected out, preserv- 
ing blood vessels and nerves if possible. The tissue can 
then be examined microscopically to stage the disease 
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and guide further treatment and prognosis. The neck 
dissection is often followed by creation of a free tissue 
graft pedicle with anastomoses to the blood vessels in 
the neck. General anaesthesia with tracheal intubation 
is required, using a reinforced tube facing away from 
the neck to allow access. A long procedure should be 
anticipated. In radical neck dissection, the internal jug- 
ular vein may be ligated; if this is performed bilaterally, 
severe oedema of the face and neck may develop and 
tracheostomy may be necessary to protect the airway. 


Surgery for Oral, Nasal and Oropharyngeal 
Cancer 


If surgery is used, it generally consists of wide exci- 
sion of the primary tumour, dissection of the cervical 
lymph nodes (depending on the staging of the disease) 
and reconstruction of the resulting defect. Procedures 
include glossectomy, pharyngectomy, maxillectomy 
and mandibular resection. Operations can be ex- 
tremely prolonged (up to 15h), particularly if micro- 
vascular tissue transfer is performed. 

Preoperative assessment may reveal significant co- 
morbidities, particularly in the elderly, and these may 
influence the anaesthetic technique and postoperative 
care. Supraglottic tumours can cause difficult intuba- 
tion and this should be anticipated by careful exami- 
nation of the patient and radiological investigations. 
Techniques such as awake fibreoptic intubation or the 
use of other difficult airway devices may be required. 

The functions of airway control and ingestion are 
usually secured by insertion of a tracheostomy and 
gastrostomy feeding tube which can be removed af- 
ter bleeding and swelling have resolved and healing 
has produced a stable and secure tract. Prolonged op- 
erations require careful attention to fluid balance and 
warming, and blood loss may be significant. 

Reconstruction of defects is an important element 
of surgery. This commonly involves the insertion of a 
tissue graft into the defect. The graft may be swung on 
a vascular pedicle (e.g. pectoralis major flap) or a free 
tissue graft may be anastomosed with the blood vessels 
of the neck. A free flap tends to give a more favourable 
cosmetic and functional result but is extremely time- 
consuming. Grafts may be soft tissue only (e.g. radial 
forearm skin) or composite for bony defects (e.g. fib- 
ula). A free jejunal graft or a pull-up of the stomach 
from the abdomen may be required to restore integrity 


of the gastrointestinal tract if total pharyngectomy 
has been performed. Both will require laparotomy. 
Consideration should be given to allowing adequate 
rest breaks for the entire theatre team, including the 
anaesthetist. Postoperatively, the patient should be 
nursed on a high dependency unit where monitoring 
can continue and pain can be controlled effectively. 


DENTAL ANAESTHESIA 


Anaesthesia and dentistry have a strong historical as- 
sociation. The development of both disciplines and 
the increasing awareness of the benefits of dental care 
and oral hygiene resulted in the uncontrolled prolifera- 
tion of the use of anaesthesia in dental practice, often 
by dentists themselves, who had had minimal training 
in anaesthesia, sedation and resuscitation. At its peak in 
the 1950s, over 2 million outpatient dental anaesthetics 
were given annually in the UK. Disquiet relating to the 
possible risks of death associated with the use of anaes- 
thesia in dentistry resulted in the Department of Health 
commissioning a report in 1990 which recommended 
that general anaesthesia should be avoided if possible 
and that pain and anxiety associated with dental pro- 
cedures should be ameliorated by local anaesthesia 
and conscious sedation. Further reports and guidelines 
since then have reinforced this viewpoint and general 
anaesthesia is now reserved almost exclusively for small 
children, and adults with learning difficulties. General 
anaesthesia for dental procedures must be administered 
in a hospital setting with full theatre resources and an- 
aesthetic support. Conscious sedation can be used in 
the dental surgery if anxiolysis is required. This is ad- 
ministered by an anaesthetist or trained sedationist. The 
traditional dental chair anaesthetic has ceased to exist. 


General Anaesthesia 


In paediatric practice, the vast majority of procedures 
are for the extraction of carious teeth. There is a low 
incidence of systemic disease but upper respiratory 
tract infections are common. Premedication may con- 
sist of topical local anaesthetic cream together with 
an oral analgesic and, if necessary, a sedative such as 
oral midazolam. Psychological preparation is an im- 
portant element and is best carried out in a specialized 
paediatric environment. The majority of procedures 
are extremely short. Induction may be intravenous or 
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inhalational, and airway support is commonly pro- 
vided using a face mask, nasal mask or laryngeal mask 
airway delivering a combination of oxygen, nitrous ox- 
ide and a volatile anaesthetic agent. The principles of 
care of the shared airway must be observed and good 
communication between the anaesthetist and dentist 
is essential. Full anaesthetic monitoring is required, 
although it may be necessary to wait until after induc- 
tion of anaesthesia in unco-operative patients. A com- 
bination of simple analgesics and NSAIDs is generally 
used for pain control and allows early discharge. 

In the adult, general anaesthesia for simple den- 
tistry is indicated only for patients who are unable 
to tolerate local anaesthesia with sedation for psy- 
chological reasons or those unable to co-operate, e.g. 
because of severe learning difficulties. The vast ma- 
jority of dental procedures under general anaesthesia 
in adults are performed when it is technically diffi- 
cult to achieve the result without general anaesthesia, 
e.g. severely impacted third molar teeth or roots, or if 
poorly controlled carious disease has resulted in sig- 
nificant infection or anatomical derangement. These 
operations take place on oral surgery lists, commonly 
as day-case procedures. Nasotracheal intubation may 
be required for more difficult operations (see above). 
Patients are generally young and fit but concurrent 
disease may be present in patients undergoing a total 
dental clearance before treatment for head and neck 
cancer or cardiac valve surgery. 


Sedation 


The greatly reduced use of general anaesthesia in dental 
surgery has resulted in an increase in the use of seda- 
tive techniques to allow surgery to take place comfort- 
ably in anxious patients or when complex dental work 
is undertaken. Sedation is defined as the use of a drug or 
drugs to render a state of reduced consciousness to allow 
treatment to be carried out but in which verbal contact 
is maintained with the patient throughout the period of 
sedation. The drugs and techniques used should carry a 
margin of safety large enough to make loss of conscious- 
ness unlikely. In the UK, intercollegiate working parties 
from dentistry and anaesthesia have developed guidance 
relating to the safe conduct of sedation in dental surgery, 
stressing the need for adequate equipment, training, and 
documentation. It is recognized that potentially life- 
threatening complications may occur rarely. 
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FIGURE 29.5 
dental practice. 


Common techniques involve the administration 
of an intravenous benzodiazepine or the use of ni- 
trous oxide. Sedation may be administered by the 
operator before surgery or there may be a dedicated 
sedationist. Anaesthetists are often asked to take on 
this role and may use more complex techniques such 
as a continuous infusion of propofol using a target- 
controlled infusion device (Fig. 29.5). 
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OPHTHALMIC ANAESTHESIA 


atients who present for eye surgery are fre- 
quently at the extremes of age. Neonatal and geriatric 
anaesthesia both present special problems. Some eye 
surgery may last many hours and repeated anaesthet- 
ics at short intervals are often necessary. The anaes- 
thetic technique may influence intraocular pressure 
(IOP), and skilled administration of either local or 
general anaesthesia contributes directly to the suc- 
cessful outcome of the surgery. Close co-operation 
and clear understanding between surgeon and an- 
aesthetist are essential. Risks and benefits must be as- 
sessed carefully and the anaesthetic technique selected 
accordingly. 

Ophthalmic surgery can be classified into subspe- 
cialties and intraocular or extraocular procedures may 
be performed (Table 30.1); each has different anaes- 
thetic requirements. 


PHYSIOLOGY OF THE EYE 


The perception of light requires function of both the 
eye and its central nervous system connections. The 
protective homeostatic mechanisms of the eye are in- 
terfered with by anaesthesia in a similar way to the 
effects of anaesthesia on the central nervous sys- 
tem. The sclera and its contents are analogous to 
the skull and its contents. There is a similar elas- 
tance curve, but for slightly different reasons. This 
is due to the sclera being an elastic but completely 
full container unlike the rigid, but slightly empty, 
cranium which has some room for expansion of its 
contents. 


TABLE 30.1 


Categorization of Ophthalmic Surgery 


Ophthalmology Subspecialities 
Paediatric 

Oculoplastic 

Vitreoretinal 

Anterior segment 

Glaucoma 
Neuro-ophthalmology 


Extraocular Operations 
Globe and orbit 
Eyebrow and eyelid 
Lacrimal system 
Muscles 

Conjunctiva 

Cornea, surface 


Intraocular Operations 

Iris and anterior chamber 
Lens and cataract 
Vitreous 

Retina 

Cornea, full thickness 


Control of Intraocular Pressure 


The factors controlling IOP are very complex and in- 
clude external pressure, volume of the arterial and ve- 
nous vasculature (choroidal volume) and the volumes 
of the aqueous and vitreous humour. 

Intraocular pressure depends on the rigidity of the 
sclera as well as any external pressure. Functionally, it 
is a balance between the production and removal of 
aqueous humour (approximately 2.5 pL min'). Factors 
which affect IOP are shown in Table 30.2. Chronic 
changes in IOP (normally 10-25 mmHg (mean 15)), 


601 


602 30 = OPHTHALMIC ANAESTHESIA 


either upwards or downwards cause structural effects 
and loss of function. There is a relationship between in- 
creasing axial length and increasing IOP. Low pressure 
results in blood—aqueous barrier breakdown, cataract, 
macular oedema and papilloedema. High pressure 
causes iris sphincter paralysis, iris atrophy, lens opaci- 
ties and optic nerve atrophy. 

Pressure is distributed evenly throughout the eye 
and the pressure is generally the same in the pos- 
terior vitreous body as it is in the aqueous humour, 
despite the fact that the pressure is generated in the 
anterior segment. Each eye may have a different pres- 
sure. The aqueous is produced by an active secretory 
process in the non-pigmented epithelium of the ciliary 
body. Large molecules are excluded by the so-called 
blood—aqueous barrier between the epithelium and 
iris capillaries. The Na*/K* ATPase pump is involved 
in the active transport of sodium into the aqueous. 
Carbonic anhydrase catalyses the conversion of water 
and carbon dioxide to carbonic acid, which passes pas- 
sively into the aqueous. Acetazolamide, an inhibitor 


of carbonic anhydrase used in the treatment of raised 
IOP, reduces bicarbonate and sodium transport into 
the aqueous to produce its therapeutic effect. 

In addition to this active secretory production, there 
is a less important hydrostatic element dependent on 
ocular perfusion pressure. The ciliary body is highly 
vascular and supplied directly by the ciliary arteries. 
Aqueous production is related linearly to blood flow. 
Flow and vascular pressure are controlled by the 
autonomic nervous system and autoregulation exists, 
similar to cerebral blood flow. Aqueous removal is in- 
hibited by pressure within the pars plana, and episcleral 
venules restrict the vascular outflow, as does the IOP. 

The aqueous flows from the ciliary body through 
the trabecular meshwork into the anterior cham- 
ber before exiting through the angle of Schlemm 
(Fig. 30.1). The sum of the hydrostatic inflow and the 
active aqueous production minus the active resorp- 
tion and passive filtration must equal zero to achieve 
balance. Alteration of any individual feature can lead 
to changes in IOP. 


TABLE 30.2 


Factors Which Affect Intraocular Pressure (IOP) 


IOP Increase IOP 


Decrease IOP 


Systemic Age 
Large increase in blood pressure 
Increased carotid blood flow 
Increased central venous pressure 
Valsalva manoeuvre 
Carotid-cavernous fistula 
Plasma hypo-osmolality 
Hypercapnia 
Sympathetic stimulation 


Local Increased episcleral venous pressure 
Blockage of ophthalmic vein 
Blockage of trabecular meshwork 
Contraction of extraocular muscles 
Restricted extraocular muscle 
Acute external pressure 
Forced blinking 
Relaxation of accommodation 
Prostaglandin release (biphasic) 
Hypersecretion of aqueous 


Exercise 

Large decrease in blood pressure 
Decreased carotid blood flow 
Decreased central venous pressure 
Parasympathetic stimulation 
Pregnancy 

Hypothermia 

Acidosis 

Plasma hyperosmolality 
Adrenalectomy 

General anaesthesia 


Decreased episcleral venous pressure 
Decreased ophthalmic artery blood flow 
Prolonged external pressure 
Retrobulbar anaesthesia 

Ocular trauma 

ntraocular surgery 

Retinal detachment 

Choroidal detachment 

nflammation 

Prostaglandins (biphasic) 
Accommodation 


ncreased aqueous outflow 


Conjunctiva 
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FIGURE 30.1 


External Pressure 


Pressure from squeezing the eyes closed or the injec- 
tion of a volume of local anaesthetic into the orbit is 
transmitted to the eyeball and increases the IOP. 


Venous Pressure 


Venous congestion increases vascular volume within 
the eye and reduces aqueous drainage through the ca- 
nal of Schlemm, causing an increase in IOP. During 
anaesthesia, venous pressure is influenced mainly by 
posture and transmitted intrathoracic pressure. A 15° 
head-up tilt causes a significant decrease in IOP. 
Raised arterial pressure, anxiety, restlessness, full 
bladder, coughing, retching and airway obstruction 
cause an increase in venous pressure which is re- 
flected immediately in the IOP. Intermittent positive- 
pressure ventilation (IPPV) produces a small increase 
in venous pressure secondary to the increase in mean 
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Cross-section through the eye and optic nerve. Arrows indicate flow of aqueous. 


intrathoracic pressure, but is compensated for by con- 
trol of arterial PCO, 


Arterial Blood Gas Tensions 


Arterial PCO, is an important determinant of choroi- 
dal vascular volume and IOP. A reduction in PaCO, 
constricts the choroidal vessels and reduces IOP. 
Elevation of PaCO, results in a proportional and linear 
increase in IOP. Increases in PaCO, may also increase 
central venous pressure. Hypoxaemia produces intra- 
ocular vasodilatation and an increase in IOP. 


Arterial Pressure 


Stable values of arterial pressure within the physi- 
ological range maintain normal IOP. Sudden in- 
creases in systolic arterial pressure above the normal 
autoregulatory range increase choroidal blood volume 
and consequently IOP. Reduction in arterial pressure 
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below normal physiological levels reduces IOP, but 
the response is unpredictable in old age when arterial 
capacitance is reduced. 


Aqueous and Vitreous Volumes 


A decrease in either aqueous or vitreous volume 
reduces IOP. Osmotic diuretics are sometimes used to 
reduce aqueous and vitreous volume. Acetazolamide 
reduces the production of aqueous. 


Sodium Hyaluronate 


Sodium hyaluronate is used as a soft viscous 
retractor during surgery. Sodium hyaluronate is a large- 
molecular-weight, clear viscoelastic polysaccharide. It 
augments the effect of general anaesthesia by controlling 
vitreous bulge and compensates for small changes in IOP. 
The manufactured product is injected by the surgeon at 
the time of incision and helps to maintain the shape of 
the anterior chamber and the work space. Hyaluronate 
with lidocaine admixture may be used when cataract sur- 
gery is conducted under topical anaesthesia. 


OCULAR BLOOD FLOW 


Ocular blood flow and IOP are intrinsically linked, as 
are cerebral blood flow and intracranial pressure. The 
control mechanisms are similar, although there are 
differences in the anatomy. Ocular perfusion pressure 
(OPP) equals the mean arterial pressure (MAP) minus 
the intraocular pressure: 


OPP = MAP — IOP 


This is subject to autoregulation within the range 
60 to 150 mmHg (Fig. 30.2). 


OCULOCARDIAC REFLEX 


The oculocardiac reflex is a triad of bradycardia, nau- 
sea and syncope. Classically precipitated by muscle 
traction, it may also occur in association with stimula- 
tion of the eyelids or the orbital floor, and pressure on 
the eye itself. Apnoea may also occur. The ophthalmic 
division of the trigeminal nerve is the afferent limb, 
passing through the reticular formation to the visceral 
motor nuclei of the vagus nerve. 

The risk of development of the oculocardiac reflex 
is highest in children undergoing squint surgery 
and patients receiving explant surgery for retinal 
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FIGURE 30.2 ™ Auto-regulation of intraocular pressure (IOP). 


detachment. Treatment requires either a cessation of 
the stimulus or an appropriate dose of an anticholin- 
ergic drug such as atropine or glycopyrrolate. Some 
anaesthetists consider it mandatory to use prophy- 
laxis against this reflex in susceptible patients, using 
the same agents. 


CONDITIONS FOR INTRAOCULAR 
SURGERY 


For most intraocular operations, the eye must be pain- 
free and preferably immobile. Except for glaucoma 
surgery, the pupil should be dilated and intraocular 
pressure reduced. 


Expulsive Haemorrhage 


In the presence of markedly raised IOP, sudden reduc- 
tion in pressure on incision of the globe may lead to 
the expression of the contents. The balance between 
venous and intraocular pressure is crucial. An increase 
in venous pressure causes fluid to pool in the choroid 
and may progress to cause rupture of the ciliary artery 
with prolapse of the iris. On rare occasions, disastrous 
expulsive haemorrhage may result in the loss of the en- 
tire contents of the eyeball. 


Effect of Anaesthetic Drugs on Intraocular 
Pressure 
Premedication 


Drugs used for premedication have little effect on in- 
traocular pressure, and the commonly used anxiolytic 
and antiemetic drugs may be used as preferred. 


Induction Agents 


Most of the intravenous induction agents, with the 
exception of ketamine, reduce intraocular pressure 
and may be used as indicated clinically. Ketamine 
should be avoided if intraocular surgery is planned. 


Muscle Relaxants 


Succinylcholine increases intraocular pressure, with a 
maximal effect 2 min after i.v. administration, but the 
pressure returns to baseline values after 5 min. This ef- 
fect is thought to be caused by the increase in tone of 
the extraocular muscles and intraocular vasodilatation. 
Pretreatment with a small dose of a non-depolarizing 
muscle relaxant does not obtund this response reliably. 
The problems involved with the use of succinylcholine 
in the patient with penetrating eye injury are discussed 
on page 616. 

Non-depolarizing muscle relaxants have no signifi- 
cant direct effects on IOP. 


Volatile Anaesthetic Agents 


All the volatile anaesthetic agents in use today decrease 
intraocular pressure. Nitrous oxide has no effect on 
IOP in the absence of air or a therapeutic inert gas 
bubble in the globe (see below). 


Opioids 

Opioids cause a moderate reduction in IOP in the ab- 
sence of significant ventilatory depression. They con- 
tribute to postoperative nausea and vomiting and are 
not often required for postoperative analgesia follow- 
ing eye surgery. 


CHOICE OF ANAESTHESIA 


Ophthalmic surgery can be carried out under either 
local or general anaesthesia provided that there is 
both consent and compliance. The type of surgery, 
its urgency and the age and fitness of the patient in- 
fluence the choice (Table 30.3). Local anaesthesia is 
preferred for older and sicker patients, because the 
stress response to surgery is diminished and compli- 
cations such as postoperative confusion, nausea, vom- 
iting and urinary retention are mostly eliminated. 
Younger patients may sometimes be too anxious for 
local anaesthesia and are usually managed with gen- 
eral anaesthesia. 
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TABLE 30.3 


Preferred Anaesthetic Technique for Common 
Surgical Procedures in Ophthalmology 


Local Anaesthesia 

Cataract 

Glaucoma techniques 

Minor extraocular plastic surgery 
Laser dacrocystorhinostomy 

Minor anterior segment procedures 
Simple vitrectomies 


General Anaesthesia 
Paediatric surgery 

Squint surgery 

Major oculoplastic surgery 
Dacrocystorhinostomy 
Penetrating keratoplasty 
Orbital trauma repair 
Penetrating eye injuries 
Complex vitreoretinal surgery 


Risks and benefits of the available techniques 
must be assessed carefully and anaesthesia selected 
accordingly. There is a need to maintain homeosta- 
sis in the eye if intraocular surgery is planned. For 
the purposes of patient comfort, it may also be nec- 
essary to consider the duration of the procedure and 
the patient’s ability to stay immobile for a period 
longer than a short cataract operation. However all 
types of ophthalmic surgery have been carried out 
with local anaesthesia in compliant patients, includ- 
ing repair of ocular trauma. As a general rule, pa- 
tients who require general anaesthesia are usually 
children and special needs adults, or adults sched- 
uled to undergo potentially complex ophthalmic 
surgery. It is important to understand the basic 
physiology and anatomy of the eye before embark- 
ing on anaesthesia, irrespective of whether general 
or local anaesthesia is chosen. 


General Anaesthesia 
Indications for General Anaesthesia 


General anaesthesia is indicated when the patient 
is unwilling or unable to tolerate local anaesthe- 
sia. The length and complexity of the operation 
are important determinants. Surgical experience 
and the need for education and training of medi- 
cal staff in a suitable environment are also relevant 
considerations. 
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Contraindications to General Anaesthesia 


Contraindications to general anaesthesia are related to 
risk/benefit analysis. Cardiovascular, respiratory and 
neurological diseases increase in frequency with age. 
Adverse cardiac outcome, respiratory failure and post- 
operative cognitive dysfunction leading to admission 
to a Critical Care Unit can occur after either local or 
general anaesthesia. If a simple and safer anaesthetic 
solution exists and the opinion of the anaesthetist is 
that there is a significant risk of death or serious neuro- 
logical morbidity from general anaesthesia, the balance 
may shift towards local anaesthesia or cancelling sur- 
gery. There are no absolute contraindications and it is 
not uncommon for patients with serious comorbidities 
which cannot be improved preoperatively to say that the 
risk of death associated with proceeding with surgery 
and general anaesthesia is worth it when the desired 
outcome is maintenance or improvement of vision. 


Assessment and Preparation 


Standard preoperative assessment should be carried 
out for all patients irrespective of the chosen anaes- 
thetic technique. Multiprofessional teamwork is the 
norm and the Joint Royal Colleges’ guidelines of- 
fer appropriate advice. Appropriately trained nurs- 
ing staff undertake pre-assessment and preoperative 
preparation of most patients, under the guidance of 
a lead ophthalmic anaesthetist. A thorough history is 
required and, with input from the surgeon, a decision 
can be made about the most appropriate choice of 
anaesthetic to be offered to the patient. Investigations 
should be based on the examination findings and 
NICE guidance. Increasing age, comorbidity (such 
as cardiorespiratory disease) and chronic drug treat- 
ments make routine investigations such as ECG, full 
blood count and measurement of serum urea and 
electrolyte concentrations potentially useful tests. 
However, if local anaesthesia is planned, investiga- 
tions are usually reserved for very specific indications. 
Particular thought needs to be given to management 
of patients with hypertension, ischaemic heart disease, 
diabetes mellitus or chronic obstructive pulmonary 
disease. It is important that the preoperative prepara- 
tion includes consideration of whether the patient will 
be able to lie flat for up to an hour without becoming 
uncomfortable, claustrophobic, hypoxaemic or suffer- 
ing ischaemic cardiac problems, or coughing. 


Chronic anticoagulation presents potential com- 
plications which are more relevant to the surgeon or 
those practising local anaesthesia (see below). 

It is imperative to make sure that the patient un- 
derstands and consents to the choice of anaesthetic 
by taking part in an informed discussion. Patients 
(and surgeons) often request anaesthetic choices 
which appear contrary to the anaesthetic risk/benefit 
assessment. 


Induction of Anaesthesia 


A smooth induction is the goal of all anaesthetists and 
is particularly important in the ophthalmic setting. 
Avoidance of coughing, straining and accidental in- 
creases in intrathoracic pressure which cause venous 
congestion are important so that optimal eye condi- 
tions are maintained. The choice of induction drug is 
of much less importance than how it is used. However, 
propofol has a number of ideal qualities in this setting, 
especially related to the ease of insertion of the laryngeal 
mask airway. In equipotent doses, propofol has a greater 
depressant effect on IOP than thiopental, but also causes 
more hypotension. Succinylcholine, in isolation, causes 
an increase in IOP due to muscular contractions and 
intraocular vasodilatation but this effect is more than 
balanced out by the effect of the induction agent. 

Short-acting opioids such as fentanyl act synergist- 
ically with the induction agent and obtund cardiovas- 
cular responses to airway manipulation. 


Airway Management 


Management of the airway is particularly important 
in head and neck surgery. The airway may remain in- 
accessible throughout surgery and any need to adjust 
or reposition an airway device during surgery could 
cause disruption to surgery, with potentially sight- 
threatening consequences in ophthalmic surgery. Thus, 
the safest option was traditionally felt to be to intu- 
bate the trachea and maintain ventilation and neuro- 
muscular blockade throughout the operation. Topical 
and intravenous lidocaine during laryngoscopy (and 
during emergence) can help to reduce stimulation of 
the trachea and larynx. A south-facing RAE tracheal 
tube which is well stabilized with hypo-allergenic 
tape (avoiding ties) is the best choice and, along with 
mechanical ventilation, provides ideal conditions for 
nearly all types of ophthalmic surgery. Guaranteed 


paralysis with the use of neuromuscular monitoring 
avoids the risks of movement during surgery. However, 
tracheal intubation can be associated with a risk of in- 
creasing IOP as a result of coughing and bucking dur- 
ing laryngoscopy, the pressor response to laryngoscopy 
and intubation, laryngospasm or coughing after extu- 
bation, and postoperative nausea and vomiting related 
to the use of neostigmine. All of these complications 
assume much greater importance in open eye surgery. 

The use of propofol followed by insertion of a 
laryngeal mask airway (LMA) has therefore become 
popular, particularly for short ophthalmic procedures, 
reducing many of the risks associated with tracheal in- 
tubation but carrying an additional risk that mainte- 
nance of the airway is less certain if the LMA is poorly 
positioned or inadequately secured. The use of neuro- 
muscular blockade with the LMA may aid mechanical 
ventilation and tighter control of ocular physiology 
but is considered by some anaesthetists as carrying a 
significantly increased risk of aspiration. 

Therefore a risk/benefit assessment should be made 
by the anaesthetist, taking into account the relative 
importance of the following factors: body mass index, 
history of gastro-oesophageal reflux, hiatus hernia, 
predicted ease of insertion of tube or LMA, length of 
operation, open eye operation and fasting time. 


Maintenance of Anaesthesia 


The choice of technique for maintenance of anaes- 
thesia is influenced by personal preference and the 
method of airway management. The use of a volatile 
anaesthetic agent is commonest because of familiar- 
ity, controllability and cost. Inhalational anaesthesia 
causes a dose-dependent reduction in IOP. However, 
virtually all sedative and hypnotic drugs reduce IOP. 
There are, in practice, few clinical differences between 
the effects of different volatile anaesthetic agents, or 
between inhalational and intravenous anaesthesia. 
The use of nitrous oxide depends on local availabil- 
ity of medical air and personal preference. The ben- 
efits of nitrous oxide are well known but two particular 
risks must be considered in relation to ophthalmic an- 
aesthesia: the increased risk of postoperative retching 
and vomiting, and the effect on IOP when intraocular 
gas mixtures are used for vitrectomy (see below). 
Relative hypotension during anaesthesia com- 
bined with normoxia and normocapnia provide a 
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soft, well-perfused eye. A 15° head-up tilt may im- 
prove conditions. However, excessive hypotension may 
prompt questions from the ophthalmologist because 
of absence of flow in the retinal arteries during some 
ocular procedures. Maintenance of an adequate blood 
pressure is a greater challenge in elderly patients in the 
absence of significant surgical stimulation. Avoidance 
of an increased IOP is necessary to avoid loss of ocular 
contents during open surgery. 

The systemic physiological disturbance associ- 
ated with most eye surgery is low. There is little, if 
any, alteration in body fluid status and care should 
be taken not to be too liberal with intravenous fluids 
to avoid overloading the myocardium or inducing 
urinary retention in the elderly. The elderly are also 
more susceptible to the adverse effects of hypothermia 
and attention should be given to maintaining body 
temperature during all but very short procedures. 
Appropriate measures should be taken to minimize 
the risk of venous thromboembolism. Ophthalmic 
surgery is performed commonly on patients with dia- 
betes due to complications of the disease. If general 
anaesthesia is required, local euglycaemia protocols 
must be followed. Analgesia requirements are based 
on the intraoperative use of a short-acting opioid and 
paracetamol. Non-steroidal anti-inflammatory drugs 
(NSAIDs) may be useful if there are no contraindica- 
tions. Local anaesthesia with a longer-duration local 
anaesthetic drug is particularly useful provided that 
eye protection is maintained for the duration of ac- 
tion. It is unusual to require potent long-acting opi- 
oids and a cause for severe postoperative pain should 
be sought because this can be a sign of ophthalmic 
complications. Ophthalmic patients are particularly 
prone to suffer from nausea and vomiting despite the 
absence of long-acting opioids. Dexamethasone and 
ondansetron are useful as prophylaxis. 


Local Anaesthesia for Eye Surgery 


An experienced ophthalmic surgery team can achieve 
a safe and efficient service with prompt patient turn- 
around and excellent operating conditions based on 
the use of local anaesthesia. However, serious com- 
plications of ophthalmic local anaesthesia can and 
do occur. A detailed knowledge of the anatomy of the 
eye and the relevant pharmacology is of paramount 
importance. 
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NOMENCLATURE OF BLOCKS 


The terminology used for ophthalmic block varies 
but the widely accepted nomenclature is based on the 
anatomical location of the needle tip. The injection of 
local anaesthetic agent into the muscle cone behind 
the globe formed by the four rectus muscles and the 
superior and inferior oblique muscles is known as in- 
traconal (retrobulbar) block whereas in the extraconal 
(peribulbar) block, the needle tip remains outside the 
muscle cone. Multiple communications exist between 
the two compartments and it is difficult to differenti- 
ate whether the needle is intraconal or extraconal af- 
ter insertion. Injected local anaesthetic agent diffuses 
easily across compartments and, depending on its 
spread, anaesthesia and akinesia may occur. A faster 
onset of akinesia suggests that the block is intraconal. 
A combination of intraconal and extraconal block is 
described as a combined retro—peribulbar block. In 
sub-Tenon’s block, local anaesthetic agent is injected 
under the Tenon’s capsule and this block is also known 
as parabulbar block, pinpoint anaesthesia or medial 
episcleral block. 


Relevant Anatomy 


The orbit is a four-sided irregular pyramid with its 
apex pointing posteromedially and its base anteriorly. 
The annulus of Zinn is a fibrous ring which arises from 
the superior orbital fissure. Eye movements are con- 
trolled by four rectus muscles (inferior, lateral, medial 
and superior), and the superior oblique and inferior 
oblique muscles (Fig. 30.3). These muscles arise from 
the annulus of Zinn and insert on the globe anterior to 
the equator to form an incomplete cone. The distance 
from annulus to inferior temporal orbital rim ranges 
from 42 to 54mm. It is very important that the needle 
should not be inserted too far, close to the annulus, 
where the vital nerves and vessels are tightly packed. 
The optic nerve (II), oculomotor nerve (III, con- 
taining superior and inferior branches), abducent 
nerve (VI), nasociliary nerve (a branch of nerve V), cili- 
ary ganglion and vessels lie in the cone (Fig. 30.4). The 
ophthalmic division of the oculomotor nerve divides 
into superior and inferior branches before emerging 
from the superior orbital fissure. The superior branch 
supplies superior rectus and levator palpebrae supe- 
rioris muscles. The inferior branch divides into three 
to supply the medial rectus, the inferior rectus and the 
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FIGURE 30.3 ™ Extraocular muscles of the eye. See text for 
details. (Adapted from Gray, Henry. Anatomy of the human body. Lea & 
Febiger, Philadelphia 1918; Bartleby.com, 2000.) 


inferior oblique muscles. The abducent nerve emerges 
from the superior orbital fissure beneath the inferior 
branch of the oculomotor nerve to supply the lateral 
rectus muscle. The trochlear nerve (IV) courses outside 
the cone but then branches and enters the cone to sup- 
ply the superior oblique muscle. An incomplete block 
of this nerve leads to retained activity of the superior 
oblique muscle and this occurs frequently. Squeezing 
and closing of the eyelids are controlled by the zygo- 
matic branch of the facial nerve (VII), which supplies 
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FIGURE 30.4 


the motor innervation to the orbicularis oculi muscle. 
This nerve emerges from the foramen spinosum at the 
base of the skull, anterior to the mastoid and behind 
the earlobe. It passes through the parotid gland before 
crossing the condyle of the mandible, and then passes 
superficial to the zygoma and malar bone before its ter- 
minal fibres ramify to supply the deep surface of the 
orbicularis oculi. The facial nerve also supplies secreto- 
motor parasympathetic fibres to the lacrimal glands, 
and glands of the nasal and palatine mucosa. 

Tenon’s capsule or bulbar fascia is a membrane 
which envelops the eyeball from the optic nerve to the 
sclerocorneal junction, separating it from the orbital 
fat and forming a socket in which it moves (Fig. 30.5). 
The capsule originates at the limbus and extends 
posteriorly to the optic nerve and as sleeves along the 
extraocular muscles. Tenon’s capsule is divided arbi- 
trarily by the equator of the globe into anterior and 
posterior portions. Anterior Tenon’s capsule is adher- 
ent to episcleral tissue from the limbus posteriorly for 
about 5-10mm and is fused with the intermuscular 
septum of the extraocular muscles and overlying bul- 
bar conjunctiva. The conjunctiva fuses with Tenon’s 
capsule in this area and the sub-Tenon space can be ac- 
cessed easily through an incision 5-10 mm behind the 
limbus. The posterior sub-Tenon’s capsule is thinner 


Anatomy of the right orbit: relationship of the four rectus muscles and the apex of the cone to the orbital nerve supply. 


and passes round to the optic nerve, separating the 
globe from the contents of the retrobulbar space. 
Posteriorly, the sheath fuses with the openings around 
the optic nerve. 

Sensation to the eyeball is supplied through the 
ophthalmic division of the trigeminal nerve (V). Just 
before entering the orbit, it divides into three branches: 
lacrimal, frontal and nasociliary. The nasociliary nerve 
is sensory to the entire eyeball. It emerges through the 
superior orbital fissure between the superior and in- 
ferior branches of the oculomotor nerve and passes 
through the common tendinous ring. Two long ciliary 
nerves give branches to the ciliary ganglion and, with 
the short ciliary nerves, transmit sensation from the 
cornea, iris and ciliary muscle. Some sensation from 
the lateral conjunctiva is transmitted through the lac- 
rimal nerve and from the upper palpebral conjunctiva 
via the frontal nerve. Both nerves are outside the cone. 
Intraoperative pain may be experienced if these nerves 
are inadequately blocked. 

The superomedial and superotemporal quadrants 
have abundant blood vessels but the inferotemporal 
and medial quadrants are relatively avascular and are 
safer places to insert a needle or cannula. 

To achieve adequate anaesthesia and akinesia, the 
cranial and sensory nerves described above must be 
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A sagittal section through the right orbital cavity, showing Tenon’s capsule and the sub-Tenon space. (Adapted 


from Gray, Henry. Anatomy of the human body. Lea & Febiger, Philadelphia 1918; Bartleby.com, 2000.) 


blocked. However, it is very difficult to target these 
nerves individually and an adequate volume of local 
anaesthetic should be injected safely either into the 
retrobulbar or peribulbar space; subsequent diffusion 
will ultimately block the relevant nerves. 


Selection of Patients and Blocks 


Numerous published studies confirm the preference 
of ophthalmologists, anaesthetists and patients for 
local anaesthetic techniques. However, the preferred 
technique varies from topical anaesthesia, through 
cannula-based block to needle-based blocks. There 
is conflicting evidence about whether there are real 
differences in effectiveness of blocks, suggesting that 
peribulbar and retrobulbar anaesthesia produce 
equally good akinesia and equivalent pain control. 
There is insufficient evidence in the literature to 
make a definitive statement concerning the relative 
effectiveness of sub-Tenon's block in producing aki- 
nesia when compared with peribulbar or retrobulbar 
block. The technique chosen depends on a balance 
between the patient’s wishes, the operative needs of 
the surgeon, the skills of the anaesthetist and the type 
of surgery. 

Preoperative assessment is generally lim- 
ited to medical history, drug history and physical 


examination. According to the UK Joint Colleges 
Guidelines 2012, routine investigations are unneces- 
sary if local anaesthesia is to be employed and these 
are performed only if it is thought that the results 
may lead to improved general health of the patient. 
Patients are not fasted and this is particularly help- 
ful in managing patients with diabetes mellitus who 
can receive all their normal medications and achieve 
better glycaemic control in the perioperative pe- 
riod. The blood sugar concentration should still be 
checked. Patients receiving anticoagulants and an- 
tiplatelet agents are advised to continue their usual 
medications unless told otherwise. Warfarin therapy 
is not considered an absolute contraindication to lo- 
cal anaesthesia provided that the preoperative INR 
value is in the therapeutic target range; a sub-Tenon’s 
block or topical anaesthesia is preferred. The axial 
length of the eye is usually measured before cata- 
ract surgery and serious caution in the use of needle 
blocks is required if the axial length exceeds 26mm 
(Fig. 30.6) or if the axial length is unknown, e.g. in 
surgery for glaucoma. Antibiotics are not necessary 
in patients with valvular heart disease. Premedication 
is not usually necessary but, if needed, may be given 
intravenously just before the local anaesthetic block 
is inserted. 
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FIGURE 30.6 = Eyeballs of various shapes. (A) Normal eye- 
ball. (B) High myope. (C) Scleral buckle applied after surgery 
for retinal detachment. 


OPHTHALMIC REGIONAL BLOCKS 


Insertion of an intravenous cannula is good practice 
and must be established if a sharp-needle technique is 
planned. Full cardiopulmonary resuscitation equip- 
ment and trained staff should be immediately avail- 
able. Appropriate cardiorespiratory monitoring should 
be used. Ophthalmic regional anaesthesia should pro- 
vide conditions appropriate for the surgeon’s needs 
and planned surgery. 


Needle-Based Blocks 


Atkinson described the classical retrobulbar block in 
1936. In this technique, the patient is asked to look 
upward and inward. A needle 38 mm in length is in- 
serted at the junction of the medial % and lateral % of 
the inferior orbital margin after raising a wheal of skin 
with local anaesthetic. The needle is directed towards 
the apex and 2-3 mL of local anaesthetic is injected 
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close to the optic nerve. Akinesia and analgesia result 
quickly but a facial nerve block is essential to block 
the orbicularis oculi muscle. Both classical retrobul- 
bar and facial nerve blocks are associated with sig- 
nificant sight- and life-threatening complications and 
these techniques have been replaced by the modern 
retrobulbar block. 


Modern Retrobulbar Block. Surface anaesthesia is 
obtained with local anaesthetic drops (oxybuprocaine 
0.4% or similar). The conjunctiva is cleaned with 
aqueous 5% povidone iodine. Evidence-based litera- 
ture suggests that the eye should be kept in the neu- 
tral (primary) gaze position at all times and a needle 
length shorter than 31 mm is inserted through the skin 
or conjunctiva in the inferotemporal quadrant as far 
lateral as possible below the lateral rectus. The needle is 
directed upwards and inwards, with the needle always 
tangential to the globe. A volume of 4-5 mL of local 
anaesthetic agent of choice such as 2% lidocaine is in- 
jected. A separate facial nerve block is not required. 


Inferotemporal Peribulbar Block. Surface anaesthesia 
and asepsis are obtained as above. The globe is kept in 
a neutral gaze position and a needle of less than 31 mm 
in length is inserted as far as possible in the extreme 
inferonasal quadrant through the conjunctiva or lower 
lid. A peribulbar block is essentially similar to a mod- 
ern retrobulbar block but the needle is not directed 
upwards and inwards and the needle always remains 
tangential to the globe along the inferior orbital floor 
(Fig. 30.7). A volume of 5—-6mL of local anaesthetic 
agent is injected. However, more than 60% of patients 
require a supplementary injection in the form of a me- 
dial peribulbar block. 


Medial Peribulbar Block. A supplementary injec- 
tion is often required either in the same quadrant or 
through an injection in the medial compartment and 
is called a medial peribulbar block. A needle is inserted 
between the caruncle and the medial canthus to a 
depth of 1-1.5cm and 3—5 mL of local anaesthetic is 
injected. A single medial peribulbar block with 6-8 mL 
of local anaesthetic has been advocated if akinesia is 
essential in patients with myopic eyes. 

In practice, the differentiation between retrobulbar 
and peribulbar block is more semantic than actual. If 
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FIGURE 30.7 ® Intraconal injection is placed between the 
inferior border of the lateral rectus and the inferior rectus. SR, 
superior rectus; LR, lateral rectus; IR, inferior rectus. 


the onset of anaesthesia is rapid with a peribulbar an- 
aesthetic, then the chances are that it has found a direct 
pathway or been injected directly into the cone. 

The gauge of needle should be the finest that can 
be used comfortably but this is usually limited to a 
25- or 27-gauge needle. Finer needles are difficult to 
manipulate but larger needles may cause more pain and 
damage. Sharp needles are used because blunt needles 
are painful to insert and cause vasovagal syncope. 
The operator should consistently use the same vol- 
ume syringe with the same gauge needle, because it is 
then easier to feel and judge the resistance to injection. 
A correctly placed injection has minimal resistance. 

Gentle digital pressure and massage around the 
globe help to disperse the anaesthetic and reduce 
IOP. Alternatively, a pressure-reducing device such as 
Honan’s balloon can be used. The maximum pressure 
should be limited to 25 mmHg in order to avoid com- 
promise to the globe’s blood supply. 


Sub-Tenon’s Block. Sub-Tenon’s block involves a mi- 
nor surgical procedure, and although it avoids some of 
the complications of the other two techniques, its use 
is associated with some specific problems. 

Surface anaesthesia and asepsis are obtained as 
above. The lower eyelid is retracted or a speculum 
used. The patient is asked to look upwards and out- 
wards. The conjunctiva and Tenon’s capsule are 


gripped together with a non-toothed forceps 5-10 mm 
from the limbus in the inferonasal quadrant. A small 
incision is made through these layers with Westcott 
scissors until the white sclera is seen. A sub-Tenon can- 
nula (19-gauge, curved, 2.54-cm long, metal, opening 
at the end) is inserted gently along the curvature of the 
globe and should pass easily without resistance. In the 
posterior capsule, 3—5 mL of local anaesthetic of choice 
is injected slowly. The injected local anaesthetic agent 
diffuses around and into the intraconal space leading 
to anaesthesia and akinesia. Inferotemporal, supero- 
temporal and medial quadrants may also be used to 
access the sub-Tenon’s space. A variety of cannulae, 
both flexible and shorter lengths, are available. This 
method reduces the risk of CNS spread, optic nerve 
damage and global puncture but may be more likely 
to cause superficial haemorrhage. Akinesia may take 
longer to achieve. 


Local Anaesthetic Agents and Adjuncts 


The ideal local anaesthetic agent should be safe and 
painless to inject. It should block motor and sensory 
nerves quickly. The duration of action should be long 
enough to perform the operation but not so long as to 
cause persistent postoperative diplopia. 

Lidocaine 2% remains the gold standard. It is safe 
and produces effective motor and sensory blocks. 
Bupivacaine has largely been superseded by its iso- 
mer levobupivacaine, which has less propensity to 
cause cardiovascular side-effects. It may be used in 
concentrations of 0.5% or 0.75%. Its onset of action 
is slower than that of lidocaine but it has a longer du- 
ration of action. The more concentrated solution may 
cause prolonged diplopia or myopathy if accidentally 
injected directly into one of the extraocular muscles. 
Prilocaine 2—4% has a rapid onset of action, few side- 
effects and a duration of action comparable with that 
of bupivacaine. Ropivacaine 1% has also been shown 
to be effective. 

Hyaluronidase is an enzyme which reversibly li- 
quefies the interstitial barrier between cells by depo- 
lymerization of hyaluronic acid to a tetrasaccharide, 
thus enhancing diffusion of molecules through tissue 
planes. The amount of hyaluronidase powder mixed 
with the local anaesthetic varies from 5 to 150 IU mL". 
The use of hyaluronidase for ophthalmic blocks is 
controversial and its use for sub-Tenon’s block is 


questioned for a short operation such as cataract sur- 
gery. Side-effects are rare but include allergic reactions, 
orbital cellulitis and formation of pseudotumours. 

A vasoconstrictor such as adrenaline is commonly 
added to local anaesthetic solutions to increase the in- 
tensity and duration of block and minimize bleeding 
from small vessels. Absorption of local anaesthetic is 
reduced, which avoids any surge in plasma concentra- 
tions. Adrenaline may cause vasoconstriction of the 
ophthalmic artery, compromising the retinal circula- 
tion, and has also been implicated in complications 
in the elderly with cardiovascular and cerebrovascular 
comorbidities. 

Commercial preparations of lidocaine and bupi- 
vacaine are acidic in solution and the basic local an- 
aesthetic exists predominantly in the charged ionic 
form. The non-ionized form of the local anaesthetic 
agent which traverses the lipid membrane of the 
nerve produces the conduction block. At higher pH 
values, a greater proportion of local anaesthetic mol- 
ecules exist in the non-ionized form and this allows 
more rapid influx into the neuronal cells. Adjustment 
of the pH of levobupivacaine and lidocaine by the 
addition of sodium bicarbonate allows more of the 
local anaesthetic solution to exist in the uncharged 
form. Alkalinization has been shown to decrease the 
onset time and prolong the duration of action after 
needle blocks but its use in clinical practice is prob- 
ably unwarranted. 


Complications of Ophthalmic 
Regional Blocks 


Reported complications of needle blocks abound. They 
range from mild to serious, and may affect the eye or 
be systemic. Orbital complications include failure of 
the block, corneal abrasion, chemosis, subconjunctival 
haemorrhage, orbital haemorrhage, globe damage, op- 
tic nerve damage and extraocular muscle malfunction. 
Systemic complications such as local anaesthetic agent 
toxicity, brainstem anaesthesia and cardiorespiratory 
arrest may occur as a result of intravenous injection or 
spread or misplacement of drug in the orbit during or 
immediately after injection. 

Sub-Tenon’s block is considered a safe alternative to 
needle block but a number of minor and major com- 
plications have been reported. Minor and frequent 
complications such as pain during injection, reflux 
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of local anaesthetic, chemosis and subconjunctival 
haemorrhage occur with varying incidences. Visual 
analogue pain scores are typically low but even minor 
discomfort in the orbit may be interpreted as severe 
and unpleasant pain. Smaller cannulae may afford a 
marginal benefit. Anterograde reflux and loss of local 
anaesthetic on injection occurs if the dissection is over- 
sized relative to the gauge of the cannula. Inadequate 
access into the sub-Tenon’s space can also promote 
chemosis. The incidence of chemosis varies with the 
volume of local anaesthetic, dissection technique and 
choice of cannula. Shorter cannulae are associated 
with an increased likelihood of conjunctival chemosis. 
Conjunctival haemorrhage is common. In one study of 
patients taking drugs with the potential to impair coag- 
ulation, conjunctival haemorrhage occurred in 19% of 
the control group, 40% of patients taking clopidogrel, 
35% of those taking warfarin and 21% of patients tak- 
ing aspirin. The incidence can be reduced with careful 
dissection, application of topical adrenaline or, contro- 
versially, the use of handheld cautery. 


Orbital Haemorrhage 


Orbital haemorrhage is a sight-threatening complica- 
tion of intraconal and extraconal anaesthesia as well 
as, rarely, sub-Tenon’s block (Fig. 30.8). It occurs with 
a frequency of between 0.1 and 3% following needle- 
based blocks. The haemorrhage may be venous or arte- 
rial in origin and may be concealed or revealed. Venous 
bleeding is slow and usually stops. Venous haemor- 
rhage usually presents as markedly bloodstained che- 
mosis and raised IOP. It may be possible to reduce the 
IOP by digital massage and cautious application of an 
IOP-reducing device to such an extent that surgery can 
proceed safely. Before the decision is made to proceed 
with surgery or postpone it for a few days, it is advis- 
able to measure and record IOP. Arterial bleeding is 
rapid, with blood filling the periorbital tissues, increas- 
ing tissue volume and pressure. This is transmitted to 
the globe, raising the IOP. Urgent measures must be 
taken to stop the haemorrhage and reduce IOP. Firm 
digital pressure usually stops the bleeding and, when 
it has been arrested, consideration must be given to re- 
ducing the IOP so that the blood supply to the retina is 
not compromised. Lateral canthotomy, acetazolamide 
or mannitol, or even paracentesis, may need to be con- 
sidered in consultation with the ophthalmologist. 
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Concealed 
haemorrhage 


FIGURE 30.8 


CT scan taken in coronal section of a pa- 
tient following an intraconal haemorrhage. Note the marked 
proptosis of the right eye and the confined space occupied 
by the haemorrhage. This was a concealed haemorrhage be- 
cause, despite elevated intraocular pressure and proptosis, no 
signs of bleeding or bruising were evident until the next day. 


Prevention of Haemorrhage. Straining due to anxiety 
during the block leads to engorgement and potential 
puncture of vessels around the eye. Sedation may help 
and the patient should be encouraged to breathe qui- 
etly through an open mouth and so prevent a Valsalva 
manoeuvre. The fewer injections that are made into 
the orbit, the less are the chances of damaging a blood 
vessel. Cutting and slicing movements at the needle 
tip should be avoided. Fine needles are less traumatic 
than thicker ones. Deep intraorbital injections must be 
avoided. The inferotemporal quadrant has fewer blood 
vessels and is less hazardous. It is advisable to apply 
firm digital pressure to the orbit as soon as the needle 
is withdrawn after any intraorbital injection, as this 
reduces any tendency to ooze. 


Central Spread of Local Anaesthetic Agent 


Mechanism. The cerebral dura mater provides a tu- 
bular sheath for the optic nerve as it passes through 
the optic foramen. This sheath fuses to the epineu- 
rium of the optic nerve, providing a potential conduit 
for local anaesthetic to pass subdurally to the brain. 
Central spread can occur on injection if the needle tip 
has entered the optic nerve sheath. Central spread fol- 
lowing sub-Tenon’s block has also been reported. Even 


an injection of a small volume of local anaesthetic 
may enter the central nervous system and/or cross 
the optic chiasma to the opposite eye and may cause 
life-threatening sequelae, e.g. catastrophic cardiores- 
piratory collapse. The time of onset of symptoms is 
variable but usually appears in the first 15 min after in- 
jection. Central spread may occur on rare occasions if 
an orbital artery is cannulated by the needle tip, result- 
ing in retrograde spread up the artery until it meets a 
branch, where it can then flow in a cephalad direction; 
in addition to orbital haemorrhage, systemic collapse 
is almost instantaneous. 


Signs and Symptoms of Central Spread. The symp- 
tomatology of central spread is varied and depends 
upon which part of the central nervous system is af- 
fected by the local anaesthetic. Because of the anatom- 
ical proximity of the optic nerve to the midbrain, it 
is usual for this area to be involved. Signs and symp- 
toms involving the cardiovascular and respiratory 
systems, temperature regulation, vomiting, temporary 
hemiplegia, aphasia and generalized convulsions have 
been described. Palsy of the contralateral oculomotor 
and trochlear nerves with amaurosis (loss of vision) 
is pathognomonic of central nervous system spread 
and should be sought in any patient whose response to 
questions following block are not as crisp as they were 
beforehand. 


Treatment of Central Spread. Cardiorespiratory ar- 
rest may occur and should be treated as at any other 
arrest. Bradycardia requires treatment with an anti- 
cholinergic drug. Asystole has been reported rarely, 
but if it occurs, intravenous vasoactive drugs are re- 
quired. Respiratory depression or apnoea necessitates 
ventilatory support, intravenous fluid therapy and 
administration of supplemental oxygen. Convulsions 
are treated with an intravenous induction agent such 
as propofol, or a benzodiazepine. 


Prevention of Central Spread. Intraconal or extra- 
conal injections should always be undertaken with the 
patient looking in the neutral or the primary gaze posi- 
tion. The optic nerve is a C-shaped structure and there 
is slackness in the primary gaze position so that it lies 
out of the way of the advancing needle (Fig. 30.9). If 
the needle encounters the optic nerve in this position, 
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FIGURE 30.9 ™ Movements of the optic nerve in relation 
to eyeball movement when the needle is introduced into the 
cone from the inferotemporal quadrant. (A) Primary gaze. (B) 
Upwards and inwards. (C) Downwards and outwards. 


it is unlikely to damage or perforate its sheath because 
slackness in the structure allows the nerve to be pushed 
aside. The most dangerous position is when the pa- 
tient looks upwards and inwards, as this presents the 
stretched nerve to a needle directed from the infero- 
temporal quadrant. The injection should not be made 
deep into the orbit, where the optic nerve is likely to 
be tethered. 


Damage to the Globe 


Global puncture is a serious complication of oph- 
thalmic blocks. It has been reported following both 
intraconal and extraconal blocks and even follow- 
ing sub-Tenon’s and subconjunctival injection. 
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FIGURE 30.10 
and a high myope. 


Ultrasound scan of a normal eyeball (left) 


Perforation of the globe has entry and exit wounds 
whereas penetration of the globe has only the wound 
of entry. With appropriate care, it should be a very 
rare complication because the sclera is a tough struc- 
ture and, in most patients, is not perforated easily. 
Puncture of the eyeball is most likely to occur in 
patients with high myopia, previous retinal banding, 
posterior staphyloma or a deeply sunken eye in a nar- 
row orbit. Not all globes are the same length and not 
all orbits are the same shape. In most patients who 
present for cataract surgery, axial length of the eyeball 
is measured with ultrasound (Fig. 30.10) to calculate 
the power of the intraocular lens. Normal globes have 
an axial length of 20-24 mm. Patients with high myo- 
pia have much longer axial lengths and extreme cau- 
tion with needle blocks should be exercised in these 
patients. 

Puncture of the globe is usually recognized at the 
time of surgery and presents as an exceptionally soft 
eye with a loss of red reflex. In cataract surgery, if the 
block is good, the surgeon should be encouraged to 
proceed with the lensectomy but to stitch up the eye 
with twice as many sutures as normal. Without lensec- 
tomy, it may not be possible to observe the damage to 
the posterior segment of the eye. It can be expected 
that the needle track through the vitreous will form 
a band of scar tissue. If this is not excised, it contracts 
and detaches the retina, sometimes causing sudden to- 
tal blindness in the affected eye. 
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Optic Nerve Damage 


This is a rare but late complication which usually re- 
sults from obstruction of the central retinal artery or 
direct trauma following classical retrobulbar block 
with a long needle. This artery is the first and smallest 
branch of the ophthalmic artery arising from that ves- 
sel as it lies below the optic nerve. It runs for a short 
distance within the dural sheath of the optic nerve 
and, about 35mm from the orbital margin, pierces 
the nerve and runs forward in the centre of the nerve 
to the retina. Damage to the artery may cause bleed- 
ing into the confined space of the optic nerve sheath, 
compressing and obstructing blood flow. If the com- 
plication is recognized soon enough, surgical decom- 
pression of the optic nerve is performed. 


Extraocular Muscle Malfunction 


The inadvertent injection of a long-acting local an- 
aesthetic into any extraocular muscle mass may result 
in muscle damage manifesting as prolonged weak- 
ness, fibrosis or even necrosis of the muscle. The old- 
fashioned classical retrobulbar technique in which the 
needle was inserted between the lateral 4% and medial 
%3 junction of the inferior orbital rim predisposed to 
this complication. The safest site for inferotemporal 
injection is the extreme temporal area just below the 
lateral rectus. Recent evidence suggests that the ad- 
dition of hyaluronidase to the local anaesthetic agent 
helps to disperse the agent before lasting damage can 
be done. Persistent diplopia following local anaesthesia 
should be investigated with a suitable scan because ur- 
gent surgical intervention to the affected muscle may 
be required. 


OPHTHALMIC DRUGS RELEVANT TO 
THE ANAESTHETIST 


B-Adrenergic blockade (e.g. timolol) decreases IOP by 
reduction of production of aqueous humour. Topical 
administration of drugs can cause clinically significant 
concentrations in the plasma via nasal drainage and 
the systemic side-effects of timolol including hypoten- 
sion, bradycardia and bronchospasm are well reported. 
Phenylephrine applied to the eye intraoperatively to 
dilate the pupil can cause myocardial ischaemia and 
hypertension. Prostaglandin analogues (e.g. latano- 
prost) increase the uveoscleral outflow of aqueous, 


reducing intraocular pressure. a-Adrenergic drugs 
(e.g. clonidine) have the same effect. 

Carbonic anhydrase inhibitors (e.g. acetazolamide) 
reduce aqueous formation and are used orally or in- 
travenously to treat or prevent increases in IOP. These 
are sulphonamides without bacteriostatic actions and 
should not be used in patients with a relevant allergy. 
They can cause an acidosis (renal loss of bicarbonate) 
and a diuresis as a result of their effects on the renal 
tubules. The acidosis can be made worse in the periop- 
erative period if the effect of opioids and anaesthesia 
reduce respiratory compensation. 

Hypertonic mannitol increases aqueous outflow. 
Initial increases in blood pressure and systemic blood 
volume are followed by a diuresis. The use of intraop- 
erative diuretics necessitates the use of urinary cath- 
eterization. Ecothiopate is of historical interest as a 
treatment for intraocular hypertension because it ir- 
reversibly bound to cholinesterase and could last for 
a week; the duration of action of succinylcholine was 
therefore prolonged significantly. 


ANAESTHESIA FOR SPECIFIC 
OPHTHALMIC PROCEDURES 
REQUIRING GENERAL ANAESTHESIA 


Penetrating Eye Injury 

The penetrating open eye injury attracts first place in 
the list, if only because of its perceived importance 
in examinations undertaken by trainee anaesthetists. 
Eye injuries may be difficult to inspect in detail be- 
cause of swelling and pain and exploration under 
general anaesthesia may be required at the earliest 
opportunity. The potential for loss of intraocular 
contents exists even if penetration is not obviously 
present preoperatively. Eye injury may also coex- 
ist with other major head injuries or polytrauma. 
The incidence of penetrating eye injury is highest 
in young adult males although the introduction of 
seatbelt legislation brought about a significant re- 
duction. As with any trauma, there may be a short 
fasting time before the injury and subsequent delay 
in gastric emptying, especially if alcohol was con- 
sumed before the injury or if an opioid was admin- 
istered in the Emergency Department. The situation 
may therefore exist of anaesthesia for a patient with 
a potentially full stomach. 
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In patients with penetrating eye injury alone or asso- 
ciated with other trauma, general anaesthesia is routine. 
Orbital regional anaesthesia has been used successfully 
in some centres. The classical dilemma of rapid tracheal 
intubation to prevent aspiration using succinylcholine 
and the subsequent risk of increased IOP causing loss of 
eye contents is a balance of anaesthesia risk versus sur- 
gical risk. The overwhelming importance is to choose 
the anaesthetic technique which minimizes the risk of 
pulmonary aspiration of gastric contents most effec- 
tively throughout the perioperative period, but consid- 
eration should be given to reducing the IOP until the 
eye is made safe. In principle, therefore, the use of suc- 
cinylcholine as the muscle relaxant with the fastest onset 
of good or excellent intubating conditions, in associa- 
tion with cricoid pressure, is first choice. However, large 
retrospective studies of penetrating eye injury have not 
shown vitreous loss to be clinically significant. 

The urgency of surgery has the greatest influence 
on the anaesthesia decision-making process. 
Ophthalmologists are currently more likely to choose 
to wait for 6h after the last meal or often, due to the 
time of day, wait until morning before exploring the 
eye. This is dependent on the severity of the injury as 
well as the potential to produce a good ocular outcome. 
There is little incentive to risk aspiration and death if 
there is little likelihood of preserving vision as the ben- 
efit. If appropriate fasting delays have been followed, 
the anaesthetist is in a position to make whatever an- 
aesthetic choice is suitable for any other intraocular 
surgery with similar airway risk factors. 

Surgery may be bilateral and lengthy and subse- 
quent return to theatre for repeated procedures is also 
common. Loss of vision in one or both eyes following 
accidental injury in the young population understand- 
ably heightens preoperative anxiety. 


Cataract Surgery 


Cataract surgery has been revolutionized in recent 
decades and the need for complex anaesthesia has 
diminished. Phacoemulsification surgery is increas- 
ingly performed with smaller gauge probes and the 
procedure can be performed under topical anaesthe- 
sia, although many ophthalmologists prefer a block 
technique. The use of sub-Tenon’s block is common 
and needle-based block is avoided in many countries. 
General anaesthesia is almost a rarity. 


Vitreoretinal (VR) Surgery 


VR surgery covers a range of intra- and extraocular 
procedures which may involve lengthy periods of 
time in the dark. Anaesthetic considerations relat- 
ing to length of procedure and individual choices of 
technique and airway are described above. The use 
of a local block is common, with both needle- and 
cannula-based blocks in use. General anaesthesia is 
used in younger patients or if surgery is expected to 
exceed the patient’s ability to remain comfortable. 
Of particular interest is the relevance of the use of 
nitrous oxide in general anaesthesia. Vitrectomy re- 
moves all the vitreous from the eye with the purpose 
of clearing cloudy or bloody vitreous, as well as per- 
forming intraocular procedures on the retina. The in- 
tegrity and pressure of the vitreal cavity is determined 
by the surgeon throughout the procedure whilst the 
structured jelly-like apparatus is removed. The cav- 
ity may then be filled with an air/gas mixture (com- 
monly perfluoropropane or sulphur hexafluoride) or 
silicone. The surgeon may make a decision on which 
of these to use towards the end of surgery and there- 
fore it is sensible to avoid the use of nitrous oxide 
for vitrectomy surgery because, if an air/gas mixture 
is used by the surgeon, nitrous oxide in equilibrium 
in the eye cavity may diffuse out quickly at the end 
of the procedure, leaving a lower pressure in the eye 
than surgically intended. This can cause detachment 
or re-detachment of the retina. If nitrous oxide has 
been used, it should be switched off well before the 
insertion of surgical gas into the vitreal cavity. Gases 
may persist in the eye for up to three months postop- 
eratively and the non-ophthalmic anaesthetist needs 
to be aware of the relevance of ophthalmic gases. A 
wrist band is placed on the patient after surgery to 
alert any subsequent anaesthetist to avoid nitrous ox- 
ide; nitrous oxide would diffuse into the cavity faster 
than nitrogen would diffuse out and the IOP could 
increase, with serious consequences. Likewise, fly- 
ing can cause the bubble to expand. The gas diffuses 
out of the eye slowly over time. Silicone oil used for 
the same purpose needs to be removed surgically at 
a later stage. Nitrous oxide use is of no relevance if 
silicone oil has been used. 

Retinal surgery can also be performed from out- 
side the sclera. Buckling, bands, cryotherapy and laser 
therapies are used to repair breaks. The eye requires a 
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lot of surgical manipulation during these procedures 
and the oculocardiac reflex can be profound and re- 
current. Anticholinergic prophylaxis may be helpful. 
The VR anaesthetist may find that the operating list is 
very flexible because some detachments (e.g. macular 
detachment) require urgent surgery and are therefore 
common additions to the list at the end of the day. 

Subsequent repeated operations are very common. 
General anaesthetic considerations remain the same; 
however, local anaesthesia may become complicated 
by adhesions related to the original surgery. 


Strabismus Surgery 


This is the most commonly performed paediatric 
ophthalmic procedure and is usually undertaken as a 
day-case. Airway considerations of head and neck pro- 
cedures apply but a laryngeal mask airway is the most 
commonly selected technique, particularly in older 
children. Long-acting opioids are not required and are 
likely to increase an already high risk of postopera- 
tive nausea and vomiting. Surgery itself requires ten- 
sion to be applied to the extraocular muscles. Steady 
deep anaesthesia with or without muscle relaxation 
(to guarantee immobility) allows the surgeon to gauge 
how much muscle repositioning is required. However, 
it is the tension applied by the surgeon to the muscle 
which can cause severe bradycardia, especially in the 
vagally responsive child. Prophylaxis with glycopyrro- 
nium is recommended. Strabismus surgery in children 
has been linked to a first presentation of malignant 
hyperthermia and temperature measurement is man- 
datory. Standard measures to control postoperative 
pain and reduction of nausea and vomiting should be 
considered. 


Glaucoma Surgery 


If general anaesthesia is required, most of the consid- 
erations are the same as for cataract surgery. However, 
unlike most ocular surgery, intraoperative miosis is re- 
quired although this is not a contraindication to the 
use of intravenous atropine. A still, soft eye makes the 
surgical procedure easier to perform. Neuromuscular 
blockade and good anaesthetic control over IOP vari- 
ables produce ideal conditions. 


Dacrocystorhinostomy 


Dacrocystorhinostomy (DCR) is a procedure per- 
formed for watery eyes. There is surgical exposure 


of the tear duct and a new opening is created into 
the nasal cavity. This is a relatively stimulating pro- 
cedure. General anaesthesia is suitable although local 
anaesthesia (with or without sedation) has gained 
popularity. The operation may be performed with 
an open technique or through a nasal endoscope 
although, in relation to anaesthesia, the consider- 
ations are similar. All normal ophthalmic anaes- 
thetic considerations apply. However, there is the 
additional risk of blood in the airway during and 
immediately after the procedure. Tracheal intuba- 
tion and the safe use of a throat pack offer airway 
protection. Measures to prevent blood ooze at the 
site of surgery can aid the surgeon and these include 
hypotension, head-up position and the use of va- 
soconstriction in the surgical field. Xylometazoline 
or cocaine provides vasoconstriction in the nose. 
Endoscopic laser DCR is another surgical operation 
and the anaesthetist should have additional training 
in the practicalities of laser airway surgery. The laser 
safety officer will provide the correct eye protection 
for the anaesthetist. 


Other Oculoplastic Procedures 


The range of surgery for this subspecialty relates to 
the lid, socket or adnexae. Many procedures are short 
and lid surgery is generally performed under local an- 
aesthesia. Longer procedures such as enucleation and 
tumour surgery are generally performed under gen- 
eral anaesthesia and appropriate measures are taken 
to provide postoperative pain relief. Bilateral blepha- 
roplasties for cosmetic reasons are increasingly fre- 
quent and, in common with all oculoplastic surgery, 
the requirements for a bloodless field are best met 
with controlled relative hypotension and surgical site 
vasoconstriction. 


Paediatric Procedures 


In addition to strabismus surgery, children, in- 
cluding infants and neonates, may require other 
ophthalmic procedures. Although the majority of 
children are ASA I or II and may be managed as day 
cases, there are a number of patients with associated 
comorbidities who require detailed examinations 
or ocular surgery. Congenital cataracts, glaucoma, 
vascular and lens disorders can occur in diseases 
such as Down’s, mucopolysaccharidoses, craniofa- 
cial and connective tissue disorders. Retinopathy of 


prematurity may require treatment in sick neonatal 
patients outside the theatre suite. Anaesthetic con- 
siderations relevant to the condition balanced with 
the surgical requirements guide anaesthesia choices. 
An infant with airway anomalies may require a 
complex anaesthetic skill-set simply to undergo 
ophthalmoscopy. 


Sedation and Ophthalmic Blocks 


Sedation is used commonly in conjunction with topi- 
cal anaesthesia. Selected patients in whom explana- 
tion and reassurance have proved inadequate may 
benefit from sedation. Short-acting benzodiazepines, 
opioids and small doses of intravenous anaesthetic 
induction agents are favoured but the dosage must be 
minimal. The routine use of sedation is discouraged 
because of an increased incidence of adverse intra- 
operative events. It is essential that, when sedation is 
administered, a means of providing supplementary 
oxygen is available. Equipment and skills to man- 
age any life-threatening events must be immediately 
accessible. 
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CONCLUSION 


The practice of anaesthesia has seen preferences for lo- 
cal or general anaesthesia for ophthalmology repeat- 
edly swing in both directions since Koller introduced a 
choice, using cocaine almost 130 years ago. Currently, 
the preference is firmly in favour of local anaesthesia 
and a practising ophthalmic anaesthetist should pos- 
sess skills in a range of different techniques to deal with 
the needs of different operations, operators and, most 
importantly, patients. There is no place for ad hoc at- 
tendance in the eye unit or occasional practice. 
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MAJOR VASCULAR SURGERY 


Many aspects of vascular surgery have changed dur- 
ing the last two decades, largely as a result of advances 
in radiological practice and cardiology. Examples in- 
clude improvements in the treatment of myocardial 
infarction, the development of endovascular aortic 
surgery and lower limb angioplasty; such progress 
is likely to continue. However, anaesthesia for major 
vascular surgery remains a challenging area of prac- 
tice. In addition to general considerations, the specific 
features of the commoner vascular procedures are de- 
scribed in this chapter: elective and emergency repair 
of abdominal aortic aneurysm (AAA), endovascular 
AAA repair, lower limb revascularization and carotid 
endarterectomy. 


General Considerations 


Peripheral vascular disease is a manifestation of gen- 
eralized cardiovascular disease, and therefore coronary 
artery disease is present to some degree in almost all 
patients presenting for major vascular surgery. Most 
patients are elderly and have a high incidence of other 
coexisting medical disease, in particular: 


ischaemic heart disease 

hypertension 

congestive cardiac failure 

chronic obstructive pulmonary disease 
renal disease 

diabetes mellitus. 


Most of these are considered independent risk 
factors for perioperative cardiac complications after 
major surgery (see Ch 18). 
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The broad aims of preoperative evaluation before 
vascular surgery are to: 


m assist risk assessment, permit further investiga- 
tion if appropriate and allow optimization of co- 
existing medical conditions 

m evaluate and discuss the risks with the patient 
and surgical team 

m establish the best surgical options (e.g. non-invasive 
or endovascular surgery) for an individual 

m plan the anaesthetic technique, perioperative 
monitoring and postoperative care, and allow re- 
quired facilities (e.g. ICU) to be organized. 


Vascular surgery is associated with a high mor- 
bidity and mortality, resulting mostly from cardiac 
complications (myocardial infarction, arrhythmias 
and cardiac failure) (see Chs 18 and 43). It is there- 
fore vital that cardiac function is assessed preopera- 
tively and that the risks of surgery are evaluated and 
discussed with the patient. Although the outcome of 
subsequent vascular surgery is improved in those who 
have previously undergone coronary revascularization 
by coronary artery bypass grafting (CABG), this is as- 
sociated with additional risks. Percutaneous coronary 
interventions (insertion of bare metal or drug-eluting 
intracoronary stents (ICS)) are being used increasingly 
as an alternative to CABG in suitable patients. There is 
a risk of stent thrombosis after ICS so patients receive 
dual antiplatelet therapy (aspirin and clopidogrel) for 
6 weeks after bare metal and 1 year after drug-eluting 
stent insertion. The risks of perioperative cardiac 
events or stent thrombosis are very high if surgery is 
performed during the period when dual antiplatelet 
drugs are needed because of increased haemorrhage if 


antiplatelet therapy is continued, or acute thrombotic 
events if it is interrupted. The most recent guidelines 
suggest that elective surgery should be postponed for 
at least 4—6 weeks after bare metal stent insertion (and 
ideally delayed for 3 months) and for 1 year after drug- 
eluting stent insertion, unless surgery is more urgent. 
It should be remembered that coronary revasculariza- 
tion should be performed only if indicated because 
of the severity of coronary disease and is not justified 
simply to improve outcome from subsequent vascular 
surgery. 


Preoperative Medical Therapy in Vascular Surgical 
Patients 


The preoperative assessment clinic is an ideal oppor- 
tunity to assess concurrent medication. Drugs particu- 
larly relevant to the patient with vascular disease are 
B-blockers, antiplatelet drugs and statins. 

B-Blockers are used extensively in patients with 
angina, and improve the long-term survival after myo- 
cardial infarction and in patients with heart failure. 
Some studies have shown beneficial effects of periop- 
erative B-blockade in high-risk patients undergoing 
major vascular surgery although the benefits in lower 
risk patients are less clear. Current guidelines suggest 
that B-blockers may be commenced in patients with 
inducible ischaemia (documented on preoperative 
stress testing), or proven coronary artery disease, who 
are undergoing major vascular surgery. The optimum 
duration, dose and role of individual regimens for B- 
blockade are not established, but if they are used, biso- 
prolol 2.5-10 mg or atenolol 25-100 mg daily should 
be started 1-2 weeks preoperatively, titrated towards a 
heart rate of 60-70 beats min". Conversely, the periop- 
erative discontinuation of -blockers may be harmful, 
and they should be continued when already being used 
to control angina, arrhythmias or hypertension. 

Current UK recommendations are that all patients 
undergoing major vascular surgery should be receiv- 
ing antiplatelet therapy with aspirin unless there is a 
contraindication. Clopidogrel or dipyridamole are al- 
ternatives. Some clinicians consider that clopidogrel 
should be stopped 5 days before aortic surgery, but this 
should be discussed with the surgeon and prescribing 
physician. Aspirin should be continued throughout 
the perioperative period. Statin therapy should also 
be considered in all vascular surgical patients, and if 
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prescribed it should be continued throughout the 
perioperative period. 

Minimum investigations before major vascular sur- 
gery should include ECG, chest X-ray, full blood count 
and serum urea and electrolyte concentrations, but 
more invasive or specialized tests may be required (see 
Ch 18), including cardiopulmonary exercise testing 
where available. Some assessment of exercise tolerance 
should be made in all patients because it is a useful 
indicator of functional cardiac status, although many 
vascular patients are limited by intermittent claudica- 
tion or old age and may have a sedentary lifestyle. In 
this case, a patient with severe coronary artery disease 
may have no symptoms of angina and a normal resting 
ECG. In some patients (e.g. those with limited func- 
tional capacity or life expectancy because of severe 
intractable coexistent medical conditions), the risks 
of elective vascular surgery may outweigh the over- 
all potential benefits and invasive surgery may not be 
appropriate. 


Abdominal Aortic Aneurysm 


Abdominal aortic aneurysms (AAAs) occur in 2—4% 
of the population over the age of 65 years, predomi- 
nantly in males. Approximately 90% of AAAs arise 
below the origin of the renal arteries and they tend 
to expand over time. The risk of rupture increases 
exponentially when the aneurysm exceeds 5.5cm in 
diameter and elective surgery is then indicated. The 
mortality from elective AAA repair is decreasing 
and is now 5-8%, but overall mortality from a rup- 
tured AAA is up to 90%, and is 50% in those who 
survive until emergency surgery can be performed. 
Consequently, screening programmes are in place to 
identify patients with a small asymptomatic aneurysm 
and to offer intervention when the aneurysm reaches 
a diameter of 5.5cm. Open surgery involves replac- 
ing the aneurysmal segment with a tube or bifurcated 
prosthetic graft, depending on the extent of iliac ar- 
tery involvement. In all cases, the aorta must be cross- 
clamped (see below) and a large abdominal incision is 
required. Surgery is prolonged and blood loss may be 
substantial. Patients are usually elderly, with a high in- 
cidence of coexisting disease. These factors contribute 
to the high morbidity and mortality of this procedure. 
Endovascular aortic aneurysm surgery avoids some of 
these problems (see below). 
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Elective Open AAA Repair 


Preoperative evaluation and risk assessment are para- 
mount. All vasoactive medication (except perhaps 
ACE inhibitors and angiotensin-II receptor blockers) 
must be continued up to the time of surgery and an 
anxiolytic premedication may be advantageous. The 
patient may have recently undergone arteriography 
and the injection of large volumes of radiopaque dye 
may cause renal dysfunction. Maintenance of hydra- 
tion with intravenous crystalloids is advisable the night 
before surgery. Some patients with severe chronic ob- 
structive pulmonary disease may benefit from regular 
nebulizers and chest physiotherapy before surgery to 
decrease the incidence of respiratory complications. 

An intra-arterial and two large intravenous cannulae 
should be inserted before induction of anaesthesia, with 
monitoring of ECG and pulse oximetry. Cardiovascular 
changes at induction may be diminished by preopera- 
tive hydration and careful titration of the intravenous 
induction agent. After neuromuscular blockade, the 
trachea is intubated (see below) and anaesthesia con- 
tinued using a balanced volatile/opioid technique. 
Perioperative epidural analgesia is useful and may be 
undertaken before or after induction of anaesthesia. 

Several important considerations apply to patients 
undergoing aortic surgery (Table 31.1). The following 
are required: 


m two large (14-gauge) cannulae for infusion of 
warmed fluids 

m arterial catheter for intra-arterial pressure moni- 
toring and blood sampling for acid-base and 
blood gas analysis 


TABLE 31.1 


Major Anaesthetic Considerations for 
Patients Undergoing Aortic Surgery 


High incidence of coexisting cardiovascular and respiratory disease 


Cardiovascular instability during induction of anaesthesia, 
aortic cross-clamping and declamping 


Large blood loss and fluid shifts during and after surgery 


Prolonged major surgery in high-risk patients 


Marked heat and evaporative fluid losses from exposed bowel 


Potential postoperative impairment of respiratory, cardiac, 
renal and gastrointestinal function 
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= multilumen central venous catheter for drug ad- 
ministration and determination of right atrial 
pressure 

m continuous ECG monitoring for ischaemia (CM, 
position) preferably with ST-segment analysis 

m oesophageal or nasopharyngeal temperature 
probe 

m urinary catheter 

m nasogastric tube. 


In the more compromised patient, e.g. with isch- 
aemic heart disease and poor left ventricular function, 
an additional cardiac output monitor (e.g. trans- 
oesophageal echocardiography or other non-invasive 
device) should be used to monitor cardiac index and 
guide fluid management. A pulmonary artery catheter 
may be indicated in some patients. All possible mea- 
sures should be undertaken to maintain body tem- 
perature, including heated mattress and overblanket, 
warmed intravenous fluids, and warmed and 
humidified inspired gases. The ambient temperature 
should be warm and the bowel may be wrapped in 
clear plastic to minimize evaporative losses. 

Three specific stimuli may give rise to cardiovascu- 
lar instability during surgery: 


m Tracheal intubation. Laryngoscopy and tracheal 
intubation may be accompanied by marked in- 
creases in arterial pressure and heart rate which 
may precipitate myocardial ischaemia in suscep- 
tible individuals. This response may be attenu- 
ated by the i.v. administration of a -blocker (e.g. 
esmolol 1.5mgkg") or a rapidly-acting opioid 
(e.g. alfentanil 10 ugkg`') before intubation. 

m Cross-clamping of the aorta. Clamping of the 
aorta causes a sudden increase in aortic imped- 
ance to forward flow and hence left ventricular 
afterload. This increases cardiac work and may 
result in myocardial ischaemia, arrhythmias and 
left ventricular failure. Arterial pressure proxi- 
mal to the clamp increases acutely even though 
left ventricular ejection fraction and cardiac 
output are reduced. The effects on preload are 
variable. The degree of cardiovascular distur- 
bance is greater when the clamp is applied more 
proximally (greater at the supracoeliac>supra- 
renal> infrarenal levels). A vasodilator, e.g. glyc- 
eryl trinitrate (GTN), is often infused just before 


clamping (and continued up to clamp release) 
to obviate these problems. Deepening of volatile 
anaesthesia or an additional dose of an opioid 
may also be used at aortic clamping. While the 
aorta is clamped, blood flow distal to the clamp 
decreases, and distal organ perfusion is largely 
dependent on the collateral circulation. The 
lower limbs, pelvic and abdominal viscera suf- 
fer variable degrees of ischaemia during which 
inflammatory mediators are released from white 
blood cells, platelets and capillary endothelium. 
These mediators include oxygen free radicals, 
neutrophil proteases, platelet activating factor, 
cyclo-oxygenase products and cytokines. 

Aortic declamping. Declamping of the aorta causes 
sudden decreases in aortic impedance, systemic 
vascular resistance and venous return with reper- 
fusion of the bowel, pelvis and lower limbs and 
redistribution of blood. Inflammatory mediators 
are swept into the systemic circulation causing va- 
sodilatation, metabolic acidosis, increased capil- 
lary permeability and sequestration of blood cells 
in the lungs. This is a critical period of anaesthesia 
and surgery because hypotension after aortic 
declamping may be severe and refractory unless 
circulating volume has been well maintained. If 
relative hypervolaemia is produced during the 
period of clamping by infusion of fluids to pro- 
duce a CVP of greater than 12-14mmHg (and 
perhaps administration of GIN until shortly 
before clamp release), declamping hypotension 
is less of a problem and metabolic acidosis may 
be diminished. Declamping hypotension usually 
resolves within a few minutes but vasopressors or 
positive inotropes are often required; these can 
be given before clamp release in anticipation. 
Good communication with the surgeon and slow 
or sequential clamp release helps the anaesthetist 
to manage aortic declamping. Renal blood flow 
decreases even when an infrarenal cross-clamp 
is used, and steps to maintain renal function 
are often required. The single most important 
measure is the maintenance of extracellular fluid 
volume (i.e. CVP >12-14mmHg). Prophylactic 
mannitol 0.5-1.0gkg7 iv. or furosemide may 
also be administered, although the evidence for 
their efficacy is conflicting. 
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Bleeding is a problem throughout the operation, 
often after aortic clamping when back bleeding from 
lumbar vessels occurs, but may be particularly severe 
at aortic declamping as the adequacy of vascular anas- 
tomoses is tested. A red cell salvage device should be 
used routinely in aortic surgery when it is available, 
but other modes of autologous blood transfusion 
(predonation, normovolaemic haemodilution) may be 
valuable. In addition to red cells, specific clotting fac- 
tors are often required. It is often preferable to reserve 
the use of clotting factors until the anastomoses are 
complete and most of the anticipated blood loss has 
occurred. Many surgeons request the administration of 
heparin (usually 5000 units i.v.) before insertion of the 
graft and occasionally it may be appropriate to reverse 
its effects with protamine (0.5mg per 100 units of 
heparin). Point-of-care haemostatic testing (thrombo- 
elastography or thromboelastometry) are very useful 
to diagnose coagulopathy and guide the use of clotting 
products. 

Epidural analgesia is usually provided through a 
catheter placed at the mid-thoracic level, unless there is 
a contraindication. There is some debate as to whether 
epidural local anaesthetics are best administered dur- 
ing surgery (to attenuate cardiovascular and stress re- 
sponses) or at the end of surgery (because sympathetic 
blockade may cause hypotension and make cardiovas- 
cular management more difficult during the procedure). 
A popular technique is to use combined volatile general 
anaesthesia with boluses of fentanyl or an infusion of 
remifentanil for intraoperative analgesia; epidural an- 
algesia is then established after aortic declamping and 
once cardiovascular stability is ensured, using a combi- 
nation of local anaesthetic and fentanyl. 

Most patients are elderly and are unable to toler- 
ate the large heat loss occurring through the extensive 
surgical exposure, which necessitates displacement of 
the bowel outside the abdominal cavity. Hypothermia 
causes vasoconstriction, which may cause myocardial 
ischaemia, delayed recovery and difficulties with fluid 
management during rewarming, because large vol- 
umes of intravenous fluid may be required. Therefore, 
all measures should be taken to prevent hypothermia. 


The Postoperative Period. Postoperatively, the pa- 
tient should be transferred to a high-dependency or 
intensive care unit. The decision to continue artificial 
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ventilation or to extubate the trachea after surgery de- 
pends on the patient’s previous medical condition and 
physiological stability during and at the end of surgery. 
Artificial ventilation should be continued until body 
temperature and acid-base status are normalized, car- 
diovascular stability restored and effective analgesia 
provided. Patients have a high incidence of postop- 
erative cardiovascular and respiratory complications; 
renal dysfunction and ileus are also common. Close 
monitoring is required for several days. 


Emergency Open Repair 

The principles of management are similar to those 
discussed above. However, the patient may be grossly 
hypovolaemic and arterial pressure is often main- 
tained only by marked systemic vasoconstriction and 
the action of abdominal muscle tone acting on intra- 
abdominal capacitance vessels. Resuscitation with 
intravenous fluids before the patient reaches the oper- 
ating theatre should be judicious; permissive hypoten- 
sion (maintaining systolic pressure at 80-100 mmHg) 
limits the extent of haemorrhage and improves out- 
come. The patient is prepared and anaesthesia induced 
on the operating table. While 100% oxygen is adminis- 
tered by mask, an arterial and two large-gauge i.v. can- 
nulae are inserted under local anaesthesia. The surgeon 
then prepares and towels the patient ready for surgery 
and it is only at this point that anaesthesia is induced 
using a rapid-sequence technique. When muscle relax- 
ation occurs, systemic arterial pressure may decrease 
precipitously and immediate laparotomy and aortic 
clamping may be required. Thereafter, the procedure 
is similar to that for elective repair. 

The prognosis is poor for several reasons. There has 
been no preoperative preparation and most patients 
have concurrent disease. There may have been a pe- 
riod of severe hypotension, resulting in impairment of 
renal, cerebral or myocardial function. Blood loss is of- 
ten substantial and massive transfusion of red cells and 
clotting factors is usually required. Postoperative jaun- 
dice is common because of haemolysis of damaged red 
cells in the circulation and in the large retroperitoneal 
haematoma which usually develops after aortic rup- 
ture. In addition, postoperative renal impairment and 
prolonged ileus often occur. Artificial ventilation and 
organ support are required for several days and the 
cause of death is usually multiorgan failure. 
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Endovascular Aortic Aneurysm Repair 


Endovascular aortic aneurysm repair (EVAR) is now 
an established alternative to open surgery. A balloon- 
expandable stent-graft is inserted under radiologi- 
cal guidance via the femoral or iliac arteries into the 
aneurysm to exclude it from the circulation. It is 
performed via groin incisions and the aortic lumen 
is temporarily occluded from within, rather than be- 
ing cross-clamped. The cardiovascular, metabolic and 
respiratory consequences are reduced in comparison 
with conventional open surgery. Perioperative blood 
loss, transfusion requirements, postoperative pain, 
hospital stay and morbidity are lower compared with 
open surgery. Perioperative morbidity is 1-2% al- 
though long-term (>8 years) survival after EVAR is 
similar to that after open surgery because of deaths 
from cardiovascular and respiratory diseases. Despite 
advances in stent-graft technology, the morphology of 
the aneurysm in some patients renders it unsuitable 
for EVAR (based on the site, shape, degree of angu- 
lation and the size of iliac arteries). Repeated radio- 
logical procedures (e.g. angioplasty) are required in 
up to 20% of patients. The procedure usually takes 
1-2h and may be performed by radiologists and/or 
surgeons but the patients have the same coexisting 
diseases and some of the anaesthetic considerations 
are similar. In some cases, EVAR may be preferred as 
a less invasive technique in patients judged unfit for 
open surgery. Access to the iliac vessels is often pos- 
sible using infra-inguinal incisions in the groin and 
postoperative pain is therefore minimal compared to 
open surgery. In many centres, EVAR is performed in 
the radiology suite, in which case the anaesthetist must 
ensure that anaesthetic facilities for high-risk patients 
are adequate. 

EVAR may be performed under general, regional 
or local anaesthesia with or without sedative ad- 
juncts. In all cases, direct arterial pressure moni- 
toring is mandatory because rapid fluctuations in 
arterial pressure may occur during stent-graft de- 
ployment. In awake patients, hyoscine 20 mg i.v. may 
be useful to decrease bowel motility during stent- 
graft placement. CVP monitoring is not usually 
necessary unless dictated by the patient’s medical 
condition (e.g. moderate/severe cardiac disease). 
Short periods of apnoea are needed during inser- 
tion of the device; this is easy when ventilation is 


controlled but requires the patient’s co-operation if 
a regional or local anaesthetic technique is used. The 
devices are positioned under angiographic control 
and large volumes of radiocontrast may be used, pre- 
disposing to contrast-induced nephropathy (CIN). It 
is important to avoid hypotension and hypovolae- 
mia, both of which can contribute to CIN; sodium 
bicarbonate, N-acetylcysteine or mannitol may be 
administered, although the evidence of their ben- 
efit is limited. Brisk haemorrhage is unusual during 
EVAR and, although bleeding may be significant, it 
is usually insidious. However, large-diameter cannu- 
lae should be inserted and vasoactive drugs readily 
available because if endovascular repair is not tech- 
nically feasible, conversion to open surgery may be 
required. EVAR may also be used to repair contained 
ruptured or leaking AAAs, and has an increasing role 
in the management of thoracic aortic aneurysms. 


Surgery for Occlusive Peripheral Vascular 
Disease 


Peripheral reconstructive surgery is performed in 
patients with severe atherosclerotic arterial disease 
causing ischaemic rest pain, tissue loss (ulceration 
or gangrene), severe claudication with disease at spe- 
cific anatomical sites (aorto-iliac, femoropopliteal, 
popliteal or distal) or failure of nonsurgical proce- 
dures. Most patients are heavy smokers, suffer from 
chronic pulmonary disease and have widespread ar- 
terial disease. Most patients present with intermit- 
tent claudication. Consequently, exercise tolerance 
is limited and severe coronary artery disease may 
be present despite few symptoms. Surgical revas- 
cularization is performed to salvage the ischaemic 
limb, but arterial angioplasty is a less invasive alter- 
native and is increasingly performed as a first-line 
procedure in suitable patients. Patients presenting 
for surgical reconstruction are often those in whom 
angioplasties have failed and who may have more 
severe vascular disease. Short-term mortality after 
lower limb revascularization is comparable to that 
following AAA repair and long-term outcome is 
worse as a consequence of associated cardiovascular 
disease. Acute limb ischaemia which threatens limb 
viability requires rapid intervention comprising full 
anticoagulation, intrathrombus thrombolysis after 
arteriography, analgesia and revascularization via 
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embolectomy, angioplasty or bypass surgery as indi- 
cated. The clinical findings of sensory loss and mus- 
cle weakness necessitate intervention within 6h and 
therefore preoperative evaluation and correction of 
risk factors may be limited. 


Bypass of Aorto-Iliac Occlusion 


Aortic bifurcation grafting is performed to overcome 
occlusion in the aorta and iliac arteries and to restore 
flow to the lower limbs. Because the disease evolves 
gradually, a considerable collateral circulation usually 
develops. Normal surgical practice is to side-clamp 
the aorta, maintaining some peripheral flow, and to 
declamp the arteries supplying the legs in sequence. 
Thus, the cardiovascular and metabolic changes are 
less severe than those seen during open AAA surgery, 
but the anaesthetic considerations and management 
are similar. 


Peripheral Arterial Reconstruction 


The commonest procedures involve the insertion of 
an autologous vein or synthetic vascular graft be- 
tween axillary and femoral, or femoral and popliteal, 
arteries. Axillofemoral bypass surgery is performed in 
those not considered fit for open aortic surgery, and 
these patients are often particularly frail. All these 
operations are prolonged and an IPPV/relaxant bal- 
anced anaesthetic technique is suitable. A meticulous 
anaesthetic technique is paramount, with particu- 
lar attention to the maintenance of normothermia 
and administration of i.v. fluids. Hypothermia or 
hypovolaemia may cause peripheral vasoconstric- 
tion, compromising distal perfusion and postopera- 
tive graft function. Blood loss through the walls of 
open-weave grafts may continue for several hours 
after surgery and cardiovascular status should be 
monitored closely during this time. Epidural an- 
algesia may be used alone or as an adjunct to general 
anaesthesia for lower limb procedures. Despite theo- 
retical advantages, epidural anaesthesia has no effect 
on graft function per se but it does provide effective 
postoperative analgesia. However, i.v. heparin is usu- 
ally administered during and after surgery (see be- 
low) and the risks of epidural haematoma should be 
considered. Oxygen therapy should be continued for 
at least 24h after surgery, and monitoring in a high- 
dependency unit is often required. 
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Carotid Artery Surgery 


Despite advances in the medical treatment of patients 
with stroke, it remains a significant cause of death and 
disability. Carotid endarterectomy is performed to 
prevent disabling embolic stroke in patients with ath- 
eromatous plaques in the common carotid bifurcation, 
or internal or external carotid arteries. Most patients 
are elderly, with generalized vascular disease. Cerebral 
autoregulation may be impaired and cerebral blood 
flow is therefore much more dependent upon systemic 
arterial pressure. The main risk of surgery is the pro- 
duction of a new neurological deficit (which may be 
fatal or cause permanent disability), although cardio- 
vascular complications account for 50% of the overall 
morbidity and mortality. 

Carotid endarterectomy is unusual in that it is a 
preventative operation with well-defined indications 
based on the results of large-scale, randomized studies 
performed in Europe and the USA. In patients with a 
previous stroke and a carotid stenosis >70%, the bene- 
fits of surgery outweigh the risks, whereas in those with 
mild stenosis (<30%), the risks outweigh the benefits 
and medical treatment with antiplatelet drugs is pre- 
ferred. Therefore, the patients presenting for surgery 
are those with the most severe disease, and the potential 
benefits are only realized if the overall perioperative 
mortality and morbidity are low (<5%). Specific 
perioperative risk factors are age >75 years, female 
sex, systolic hypertension, peripheral vascular disease 
(probably as a marker for coronary artery disease), ex- 
perience of the surgeon and ipsilateral cerebral symp- 
toms. Longer-term outcome is also worse in smokers 
and those with diabetes or hyperlipidaemia. Carotid 
artery angioplasty is a less invasive alternative to surgi- 
cal endarterectomy, although its place is yet to be es- 
tablished. It is now clear that the risks of major stroke 
are highest within the first few days after a transient 
ischaemic attack (TIA) or minor stroke. Consequently, 
carotid endarterectomy should be performed as soon 
as is feasible (within 1 week and ideally within 48h) 
after a minor stroke or TIA when indicated (embolic 
stroke, significant carotid stenosis). This limits the 
time available for preoperative preparation, investiga- 
tion and risk reduction. 

During surgery, the internal, external and common 
carotid arteries are clamped and the atheromatous 
plaque removed. During application of the clamps, 
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cerebral perfusion is dependent on collateral circu- 
lation via the circle of Willis. Many surgeons insert 
a temporary shunt to bypass the site of obstruction, 
minimizing the period of potential cerebral ischaemia. 
Several methods are available to assess cerebral blood 
flow during clamping, before proceeding with the end- 
arterectomy; if flow is adequate, some surgeons prefer 
not to use a temporary shunt. Monitoring of neu- 
rological status in an awake patient is considered by 
many to be the ‘gold standard’, but other methods used 
in practice include: 


m transcranial Doppler ultrasonography of the 
middle cerebral artery flow velocity 

m measurement of arterial pressure in the occluded 
distal carotid segment (the ‘stump’ pressure) 

= EEG monitoring. 


Although most strokes related to surgery are asso- 
ciated with thromboembolism rather than hypo- or 
hypertension, and the majority of these are caused by in- 
advertent technical surgical error, the anaesthetist has a 
crucial role in the maintenance of cardiovascular stabil- 
ity before, during and after surgery. Rapid swings in arte- 
rial pressure are common because of the direct effects of 
surgical manipulation, plaque removal and carotid cross 
clamping in patients with impaired baroreceptor func- 
tion due to carotid atheroma and cardiovascular disease. 

The main aims of anaesthesia for carotid endar- 
terectomy are maintenance of oxygen delivery to the 
brain, cardiovascular stability, airway protection, pro- 
vision of neurological protection and rapid recovery. 
Most intraoperative strokes are apparent on recovery 
from anaesthesia and early postoperative neurologi- 
cal assessment is important. Any residual postopera- 
tive effects of anaesthesia may confuse the diagnosis 
of intraoperative embolism or ischaemic change, so a 
technique that permits rapid return of function is re- 
quired. These aims may be achieved using general, lo- 
cal or regional anaesthetic techniques, with or without 
sedative or analgesic adjuncts. In all cases, an intra- 
arterial cannula is mandatory for monitoring of arterial 
pressure, which should be maintained particularly 
during carotid clamping, and attention paid to main- 
tain normothermia. 

Local infiltration of the surgical field may be used 
alone or in combination with superficial and inter- 
mediate or deep cervical plexus blockade. Superficial 


cervical plexus block is performed by infiltration 
of local anaesthetic along the entire length of the 
posterior border of the sternomastoid muscle, us- 
ing 10-15 mL local anaesthetic (e.g. levobupivacaine 
0.25%). The intermediate block involves injection of 
5 mL of local anaesthetic 1-2 cm deep to the midpoint 
of the sternomastoid. Advantages of locoregional 
techniques include definitive neurological monitor- 
ing (therefore allowing selective use of shunts), pres- 
ervation of cerebral and coronary autoregulation, 
and the maintenance of higher cerebral perfusion 
pressures during the procedure (Table 31.2). These 
techniques rely on good cooperation between the pa- 
tient, the surgeon and the anaesthetist. Many patients 
find it difficult to lie still and supine for the duration 
of the procedure, particularly those with heart failure 
or respiratory disease; this may be compounded by 
diaphragmatic compromise because phrenic nerve 
paralysis may accompany deep cervical plexus block- 
ade. Sudden loss of consciousness or seizures may oc- 
cur if cerebral perfusion is inadequate after clamping, 
and subsequent airway control may be very difficult 
because access is limited. 
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Performing surgery under general anaesthesia 
avoids these problems. Both propofol and volatile 
agents (at low doses) preserve cerebral and coronary 
autoregulation, reduce cerebral oxygen requirements 
and, in theory, may provide some degree of neuropro- 
tection. General anaesthesia with artificial ventilation 
allows PaCO, to be manipulated but hypotension may 
be more common compared with regional anaesthe- 
sia. The airway is not accessible during surgery and 
tracheal intubation with a well-secured reinforced 
tracheal tube is advisable. Anaesthesia should be in- 
duced cautiously using an i.v. agent and maintained 
with a balanced technique using an inspired oxygen 
concentration of 50% in air or nitrous oxide (100% 
inspired oxygen produces cerebral vasoconstriction) 
with isoflurane, sevoflurane or desflurane. All anaes- 
thetic agents should be short-acting, and remifentanil, 
alfentanil or low-dose fentanyl (100-200 ug) are use- 
ful adjuncts. Hypotension may potentially occur after 
induction and during the placement of cerebral moni- 
toring, but it should be treated promptly. Vasopressors 
(e.g. ephedrine 3—-6mg or phenylephrine 25-50 ug 
increments) are frequently required and should be 


TABLE 31.2 


Suggested Advantages and Disadvantages of Local or General Anaesthesia for Carotid Surgery 


Advantages 


Disadvantages 


Local Anaesthesia 


Definitive CNS monitoring 

Maintenance of higher cerebral perfusion pressure 
Maintenance of cerebral autoregulation 

Allows selective shunting 


Arterial pressure usually higher so less vasopressors required 
compared with GA 


Avoids ‘minor’ complications of general anaesthesia 


Technical difficulties 

Patient discomfort lying supine during prolonged procedure 
Sedative or analgesic supplementation usually required 
Lack of airway protection 


Difficult access to patient if intraoperative neurological or 
cardiac complications occur 


General Anaesthesia 


Patient comfort 
Airway protection 
Reduced CMRO, and theoretical cerebral protection 


Cerebral autoregulation maintained using low doses of volatile 
agents 


Therapeutic manipulation of arterial CO, possible 


Some method of monitoring of cerebral blood flow required 


‘Minor’ complications of general anaesthesia (e.g. sore 
throat, sedation, nausea, vomiting) 


Tendency towards intraoperative hypotension; requiring 
treatment with vasopressors 
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drawn up before induction of anaesthesia. A high PaO,, 
normocapnia and normothermia should be main- 
tained. Blood loss and fluid requirements are usually 
modest. Postoperatively, significant pain is unusual 
and the combination of wound infiltration with local 
anaesthetic with a nonsteroidal anti-inflammatory 
analgesic during surgery is effective. 

Data from the GALA trial (general anaesthesia vs. 
local anaesthesia) and systematic reviews have shown 
no difference in overall outcome with any specific an- 
aesthetic technique. 

Patients should be monitored in a high-dependency 
environment for several hours postoperatively. 
Hypertension is common in the early postoperative 
period because of impaired circulatory reflexes; pain 
from the wound or from bladder distension may also 
contribute. Hypertension is associated with adverse 
neurological outcomes because it may compromise 
the graft or cause intracranial haemorrhage. Arterial 
pressure should be controlled to achieve systolic pres- 
sures <165 mmHg and diastolic pressures <95 mmHg, 
accounting for the range of individual preoperative 
values. Intravenous a- or B-blockers or an infusion of a 
vasodilator (e.g. GTN or hydralazine) may be required 
as prophylaxis or treatment. 

The other main postoperative complication is the 
development of a haematoma. Initial treatment in- 
volves local pressure and reversal of heparin with 
protamine. However, local oedema and the presence 
of a large haematoma may cause airway compromise 
and hypoxaemia requiring urgent surgical explora- 
tion. Induction of general anaesthesia in these circum- 
stances is particularly hazardous and evacuation of the 
haematoma under local infiltration is usually prefer- 
able. Recurrent laryngeal nerve damage is a recognized 
complication of carotid endarterectomy. In most cases, 
this simply causes a hoarse voice but in patients who 
have had a previous contralateral carotid endarterec- 
tomy, specific preoperative evaluation of vocal cord 
function should be performed before surgery. 


Cardioversion 


Direct current (DC) cardioversion is an effective treat- 
ment for some re-entrant tachyarrhythmias, which 
may produce haemodynamic instability and myo- 
cardial ischaemia and which do not respond to other 
measures. Atrial fibrillation of less than 6 months’ 
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duration, atrial flutter, supraventricular tachycardia 
and ventricular tachycardia may be converted to si- 
nus rhythm, although maintenance of sinus rhythm 
depends usually on subsequent antiarrhythmic drugs. 
Cardioversion has little effect on contractility, conduc- 
tivity or excitability of the myocardium, and has a low 
incidence of side-effects or complications. 


Pre-Anaesthetic Assessment 


Patients may present with a chronic arrhythmia for 
elective cardioversion or as an emergency in extremis 
with a life-threatening arrhythmia. They may have 
other serious cardiovascular pathology such as rheu- 
matic disease, ischaemic heart disease, recent myo- 
cardial infarction or cardiac failure. Digoxin therapy 
predisposes to postcardioversion arrhythmias; it is of- 
ten withheld for 48h before cardioversion. If DC car- 
dioversion is required in a patient receiving digoxin, 
the initial DC dose should be low (e.g. 10-25J) and 
increased if necessary. In some patients there is a sig- 
nificant risk of embolic phenomena, e.g. those with: 


m mitral stenosis and atrial fibrillation of recent 
onset 

m atrial fibrillation and a dilated cardiomyopathy 

m a prosthetic mitral valve 

m a history of embolic phenomena. 


These patients should receive prophylactic anti- 
coagulants for 2-3 weeks before cardioversion, and 
anticoagulation should be continued afterwards. 
Accurate knowledge of the medical and drug history 
and thorough clinical examination are essential before 
anaesthesia. 


Cardioversion 


Direct current (DC) electrical discharge passed 
through the heart depolarizes all excitable myocardial 
cells and interrupts abnormal pathways and foci. The 
electrodes are usually positioned on the anterolateral 
chest with the patient supine, but the anteroposterior 
arrangement, with the patient in the lateral position, is 
sometimes used. The paddles should not be sited over 
the scapula, sternum or vertebrae and the skin must be 
protected with electrolyte jelly, saline-soaked gauze or 
any type of conducting pad. 

The ECG monitoring lead chosen should dem- 
onstrate a clear R wave in order to synchronize the 
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discharge away from the T wave and thus reduce the 
risk of development of ventricular fibrillation. If the 
arrhythmia does not convert after the first 50J dis- 
charge, further shocks are given, using an increased 
energy discharge of up to 200J. 

Despite the use of synchronized discharge, ven- 
tricular fibrillation may be produced in the presence 
of hypokalaemia, ischaemia, digoxin toxicity and QT 
prolongation (e.g. caused by quinidine or tricyclic 
antidepressants). 


Anaesthesia 


Treatment should be carried out only in areas specifi- 
cally designed for the purpose and with a full range of 
drugs, resuscitation and monitoring equipment avail- 
able. These must be checked by the anaesthetist, and 
patients prepared as for a surgical procedure. 

ECG monitoring, pulse oximetry and measurement 
of arterial pressure are instituted. A vein is cannulated 
and the patient’s lungs are preoxygenated before i.v. 
induction of anaesthesia. The choice of drug is de- 
termined by the cardiovascular stability and recovery 
period required. If the patient is clinically shocked, 
precautions to prevent aspiration of gastric contents 
should be taken and a rapid-sequence induction with 
cricoid pressure and tracheal intubation should be 
used. However, many patients are admitted for elective 
cardioversion on a day-case basis, and a technique using 
i.v. propofol and spontaneous ventilation is suitable. 

As soon as the patient is unconscious, the airway 
is secured and oxygenation maintained with a suitable 
breathing system. Before activation of the defibrilla- 
tor, it is important to check that the patient is not in 
contact with any person or metal object. If repeated 
shocks are required, incremental doses of the anaes- 
thetic may be given. The patient should be monitored 
carefully both during anaesthesia and after recovery of 
consciousness, in particular for evidence of recurrent 
arrhythmia, hypotension, pulmonary oedema, or sys- 
temic or pulmonary embolism. 


SURGERY FOR TUMOURS OF THE 
ENDOCRINE SYSTEM 


Amine precursor uptake and decarboxylation (APUD) 
cells originate from neuroectoderm and are distrib- 
uted widely throughout the body. They synthesize 


and store neurotransmitter substances, including se- 
rotonin, ACTH, calcitonin, melanocyte-stimulating 
hormone (MSH), glucagon, gastrin and vasoactive in- 
testinal polypeptide (VIP). Neoplastic change within 
these cells produces the group of tumours termed 
apudomas, e.g. carcinoid, pancreatic islet cell tumour, 
pituitary and thyroid adenoma, medullary carcinoma 
of thyroid and small cell carcinoma of the lung. These 
may be orthoendocrine or paraendocrine — the former 
produce amines and polypeptides associated normally 
with the constituent cells, while the latter secrete sub- 
stances produced usually by other organs. Two or- 
thoendocrine apudomas in particular may produce 
significant problems for the anaesthetist. 


Carcinoid Tumour 


Carcinoid tumours are rare tumours derived from 
enterochromaffin cells of the intestinal tract, most 
commonly the small bowel or appendix. However, 
they may arise at any site in the gut and rarely in 
the gallbladder, pancreas or bronchus. They are usu- 
ally benign. Malignant change occurs in 4% and may 
produce hepatic metastases. Carcinoid tumours may 
secrete a number of vasoactive peptides and amines 
(e.g. serotonin, histamine, kinins and prostaglandins) 
which have a variety of effects on vascular, bronchial 
and gastrointestinal smooth muscle activity. These 
compounds are normally metabolized in the liver 
and carcinoid tumours are usually asymptomatic un- 
less the mediators reach the systemic circulation from 
hepatic metastases, an extra-abdominal primary (e.g. 
bronchus), or if the tumour is large and hepatic me- 
tabolism is exceeded. In these cases, the clinical symp- 
toms of carcinoid syndrome occur. These are variable 
but include flushing, increased intestinal motility, ab- 
dominal pain, bronchospasm and dyspnoea. Flushing, 
bronchospasm, increased intestinal motility, hypoten- 
sion and oedema are related to the production of kal- 
likrein, which is metabolized to bradykinin, a potent 
vasodilator. Adrenergic stimulation and alcohol inges- 
tion increase the production of bradykinin. Serotonin 
(5-hydroxytryptamine, 5-HT) causes abnormal gut 
motility, diarrhoea and bronchospasm. It has posi- 
tive inotropic and chronotropic effects and produces 
vasoconstriction. It may cause endocardial fibrosis, 
leading to pulmonary and tricuspid stenosis or regur- 
gitation (although bronchial carcinoid tumours may 
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lead to left-sided cardiac valvular lesions). Histamine 
secretion may cause bronchoconstriction and flushing. 
Acute attacks of carcinoid syndrome may also be pre- 
cipitated by fear or hypotension. 

Diagnosis is confirmed by high urinary excretion of 
5-hydroxyindoleacetic acid (5-HIAA), a metabolite of 
5-HT. Urinary 5-HIAA concentrations correlate with 
tumour activity and perioperative complications. 

Primary and secondary tumours are localized by 
CT, MRI, ultrasound, combined PET/CT scans or ra- 
dionuclide scans. Although medication may alleviate 
some symptoms, the definitive treatment of carci- 
noid tumours is surgery, including excision of the 
primary tumour and resection or radiofrequency 
ablation of hepatic metastases. The main anaesthetic 
considerations are perioperative prevention of media- 
tor release and preparation for control of carcinoid 
crises. Systemic release of carcinoid mediators can be 
exacerbated or precipitated by anxiety, tracheal intu- 
bation, inadequate analgesia, tumour manipulation or 
the administration of catecholamines or drugs which 
cause histamine release. In severe cases, acute intra- 
operative cardiovascular instability (arrhythmias and 
extreme fluctuations in arterial pressure) and resistant 
bronchospasm may occur. 


Management 


Patients may be taking drugs to diminish symptoms 
of diarrhoea, flushing and bronchospasm, but specific 
agents are used to inhibit synthesis, prevent release or 
block the actions of the mediators released by the tu- 
mour. The most important drug is the somatostatin 
analogue octreotide, which improves both symptoms 
and biochemical indices, and which is useful in the pre- 
vention and management of perioperative hypotension 
and carcinoid crisis. Somatostatin (half-life 1-3 min) is 
secreted naturally by the pancreas and regulates gastro- 
intestinal peptide production by inhibiting the secre- 
tion of growth hormone, thyroid-stimulating hormone 
(TSH), prolactin and other exocrine and endocrine 
hormones. Octreotide, the octapeptide analogue of so- 
matostatin, has a longer half-life, high potency and low 
clearance, and may be given i.v. or s.c. The usual s.c. 
dose is 50-200 pg every 8-12h. It is useful for symptom 
relief in other conditions, notably acromegaly, VIPoma 
and glucagonoma. It may cause gastrointestinal side- 
effects, gallstones and impaired glucose tolerance. 
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5-HT antagonists (ketanserin, methysergide) 
and antihistamines, e.g. ranitidine, chlorphenamine 
(chlorpheniramine), are also used. Cyproheptadine 
has both antihistamine and anti 5-HT actions. 


Conduct of Anaesthesia 


Perioperative management should be in close coopera- 
tion with both physician and surgeon, and the patient’s 
regular medication should be continued up to the time 
of surgery. The possibility of cardiac valvular lesions 
should be considered. Hypovolaemia and electrolyte 
disturbance should be corrected before operation. 
Anxiolytic premedication with minimal cardiovascu- 
lar disturbance is desirable; an oral benzodiazepine is 
often used alone or together with an antihistamine, 
although oversedation should be avoided. Octreotide 
must be continued as premedication 50-100 ugs.c. 1h 
preoperatively. It may also be administered during sur- 
gery as an i.v. infusion at 50—100 ugh™. A smooth an- 
aesthetic technique is essential, and techniques which 
may cause hypotension, including epidural and sub- 
arachnoid block, should be used with extreme caution. 
Drugs which release histamine (e.g. thiopental, mor- 
phine, pethidine, atracurium, mivacurium) should be 
avoided. 

Continuous monitoring of ECG and direct ar- 
terial pressure should be started before careful in- 
duction of anaesthesia with etomidate or propofol, 
accompanied by measures to obtund the potentially 
exaggerated pressor response to tracheal intubation. 
Succinylcholine is best avoided because it may cause 
peptide release and nondepolarizing muscle relax- 
ants with minimal histamine release (e.g. rocuronium 
or vecuronium) are preferable. Anaesthesia should 
be maintained with opioids (e.g. fentanyl or remi- 
fentanil), inhaled nitrous oxide and a volatile agent. 
Total intravenous anaesthesia with propofol has also 
been used. Bronchospasm may be severe and should 
be treated with octreotide or aminophylline rather 
than adrenaline, and a flow-generator type of venti- 
lator capable of delivering the inspired gases at high 
pressure should be used. Major fluid shifts may occur 
during surgery and the effects of circulating peptides 
may distort the physiological response to hypovolae- 
mia. Central venous pressure measurement is advis- 
able when large blood loss is likely and pulmonary 
artery catheterization may be required in patients with 
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cardiac complications. Intraoperative hypotension 
may be severe and should be treated with intravenous 
fluids and octreotide 100g i.v. Sympathomimetic 
drugs may cause -mediated peptide release and are 
not recommended for the treatment of bronchospasm 
or hypotension. Hypertension is usually less severe and 
usually responds to increased depth of anaesthesia, B- 
blockade or ketanserin. 

Close cardiovascular monitoring and good analge- 
sia are required postoperatively and the patient should 
be observed in a high-dependency or intensive therapy 
unit. The use of epidural analgesia is controversial, but 
an epidural infusion of fentanyl alone or with bupiva- 
caine 0.1% has been used successfully. 


Phaeochromocytoma 


Phaeochromocytomas are derived from chromaffin 
cells which secrete catecholamines (predominantly 
noradrenaline, but also adrenaline and occasionally 
dopamine) and occur in less than 0.1% of hypertensive 
patients. The majority present in middle-aged adults 
but they may be found in childhood. Most are found 
as a single benign tumour of the adrenal medulla, but 
10% occur in ectopic sites, e.g. paravertebral sympa- 
thetic ganglia. Approximately 10% of phaeochromo- 
cytomas are malignant, and 10% are bilateral. Genetic 
factors are frequently involved and they may be asso- 
ciated with multiple endocrine neoplasia (MEN) and 
other syndromes (Table 31.3). 


TABLE 31.3 


Associations of Phaeochromocytoma with 
Other Syndromes 


Von Hippel-Lindau disease (retinocerebral 
haemangioblastoma) 


MEN lla (Sipple’s syndrome) 
Phaeochromocytoma 
Medullary cell thyroid carcinoma 
Hyperparathyroidism 


MEN IIb (mucosal neuroma syndrome) 
Phaeochromocytoma 
Medullary cell thyroid carcinoma 
Mucosal neuromata 
Marfanoid habitus 


Phaeochromocytoma-paraganglionoma syndrome 


Von Recklinghausen’s disease (multiple neurofibromatosis) 


The clinical features depend on the quantity of hor- 
mones secreted and on which is predominant, although 
episodes may be paroxysmal and clinical findings may 
be normal between attacks. Noradrenaline-secreting 
tumours tend to cause severe refractory hyperten- 
sion, headaches and glucose intolerance; circulating 
blood volume is reduced and vasoconstriction occurs. 
Adrenaline-secreting tumours trigger palpitations, 
anxiety and panic attacks, sweating, hypoglycaemia, 
tachycardia, tachyarrhythmias and occasionally high- 
output cardiac failure. Malaise, weight loss, pallor and 
psychological disturbances may occur, and end-organ 
damage (e.g. retinopathy, nephropathy, dilated cardio- 
myopathy) may arise as a consequence of hyperten- 
sion. They present several problems to the anaesthetist 
(Table 31.4). 


TABLE 31.4 


Anaesthetic Considerations in Patients 
with Phaeochromocytoma 


Preoperative 


Hypertension 


Hypovolaemia (vasoconstriction with reduced circulating 
volume) 


Pharmacological stabilization 
a-blockade 
B-blockade 


Control of catecholamine synthesis 
End-organ damage 


Anxiolytic/sedative premedication 


Intraoperative 

Severe cardiovascular instability, particularly: 
at induction of anaesthesia and tracheal intubation 
during pneumoperitoneum (laparascopic procedures) 
during tumour handling 
following ligation of venous drainage 


Hypoglycaemia after tumour removal 


Postoperative 


Hypotension 
Hypoglycaemia 


Somnolence, opioid sensitivity 


Hypoadrenalism 


LV dysfunction 
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Diagnosis 

Diagnosis is important because the mortality of pa- 
tients undergoing unrelated surgery with an unsus- 
pected phaeochromocytoma is up to 50%. Diagnosis is 
confirmed by measurement of high plasma and urine 
concentrations of free catecholamines. Random 1-h or 
24-h urinary excretion of catecholamine metabolites 
(metanephrines and 3-methoxy-4-hydroxymandelic 
acid (HMMA; also known as vanillylmandelic acid 
[VMA])), are an alternative. In some cases a cloni- 
dine suppression test may be required to distinguish 
between hypertensive patients and those with phaeo- 
chromocytoma. MRI of the abdomen is probably the 
investigation of choice to localize tumours greater 
than 1cm in diameter. Computed tomography (per- 
formed without intravenous contrast media, which 
may precipitate release of hormone) is an alternative. 
Confirmation of the identity and position of an adre- 
nal mass is by uptake of [I] m-iodobenzylguanidine 
(MIBG) monitored by gamma camera. MIBG scan- 
ning or 18F-fluorodopamine positron emission to- 
mography may be useful for the localization of small 
or extra-adrenal tumours not detected by other means. 


Preoperative Preparation 


Medical treatment of the effects of the tumour must 
be achieved before surgery. a-Adrenergic antagonists 
counteract the increased peripheral vascular resistance 
and reduced circulating volume, and phenoxyben- 
zamine (noncompetitive, nonselective antagonist), 
prazosin and doxazosin (a,-selective, competitive an- 
tagonists) have been used successfully. Noncompetitive 
a-antagonists are preferable because surges of cate- 
cholamine concentrations, occurring particularly dur- 
ing tumour handling, do not overwhelm the effects of 
a noncompetitive drug. Phenoxybenzamine is given in 
increasing titrated doses over 2—3 weeks before surgery, 
starting from 10 mg b.d. up to a usual dose of 40-50 mg 
b.d. In this way, the circulating volume expands gradu- 
ally with normal oral intake of fluid. Adverse effects 
include initial postural hypotension, tachycardia, 
blurred vision and nasal congestion. A f-adrenergic 
antagonist may be required later to control tachycar- 
dia, but acute hypertension, cardiac failure and acute 
pulmonary oedema may occur if B-blockade is in- 
troduced first because of unopposed a-mediated va- 
soconstriction. Propranolol, metoprolol and atenolol 
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are useful agents if B-blockade is required. Labetalol is 
favoured by some physicians, but its B-effect predomi- 
nates and -antagonists should be administered first. 
Occasionally, phenoxybenzamine or phentolamine 
may be given by i.v. infusion (e.g. for 48-72h preced- 
ing surgery). In this event, intravascular volume must 
be monitored by measurement of CVP and i.v. colloids 
are often required to maintain a normal circulating 
volume. Alternatively, catecholamine synthesis may 
be suppressed actively by administration of alpha- 
methyl-p-tyrosine, a tyrosine hydroxylase inhibitor. 
This drug may be very successful in controlling cat- 
echolamine effects but may cause severe side-effects, 
including diarrhoea, fatigue and depression and is 
usually reserved for long-term medical treatment in 
patients considered unsuitable for surgery. 

Preoperative investigations depend on the patient’s 
physical condition; the presence of end-organ damage 
should be determined. Nephrectomy may be required 
to remove the tumour completely and renal function 
should be assessed preoperatively. Echocardiography 
may also be useful. 


Conduct of Anaesthesia 


Sudden, severe hypertension (due to systemic release 
of catecholamines) may occur during tumour mo- 
bilization and handling, particularly if preoperative 
preparation has been inadequate. Severe hypotension 
may occur after ligation of the venous drainage of the 
tumour (when catecholamine concentrations decrease 
acutely). Marked fluctuations in arterial pressure may 
also occur during induction of anaesthesia and tra- 
cheal intubation. 

Sedative and anxiolytic premedication is useful 
and both a- and B-adrenergic antagonists should be 
continued up to the day of surgery. Monitoring of 
ECG, CVP and direct arterial pressure must be started 
before induction of anaesthesia. Intraoperative mon- 
itoring should include temperature, blood gas ten- 
sions and glucose concentration; transoesophageal 
echocardiography or pulmonary artery catheteriza- 
tion may be required if significant cardiomyopathy 
is present. Anaesthetic drugs should be selected on 
the basis of cardiovascular stability and agents which 
have the ability to provoke histamine (and hence 
catecholamine) release are best avoided (Table 31.5). 
The exact choice of individual anaesthetic drugs is 


TABLE 31.5 
Drugs Which Should be Avoided in 
Patients with Phaeochromocytoma 


Atropine 


Succinylcholine 


d-Tubocurarine 


Atracurium 


Pancuronium 


Droperidol 


Morphine 


Halothane 


less important than careful conduct of anaesthesia, 
which may be induced by slow administration of 
thiopental, etomidate or propofol and maintained 
with nitrous oxide in oxygen, supplemented by 
sevoflurane or isoflurane. Desflurane has the theo- 
retical disadvantage of causing sympathetic stimu- 
lation if the inspired concentration is increased too 
rapidly. The use of moderate doses of an opioid 
(e.g. fentanyl 7-10pgkg") may aid cardiovascular 
stability. Drugs should be immediately available to 
treat acute hypertension (e.g. SNP, phentolamine 
or nicardipine), tachycardia or arrhythmias (e.g. es- 
molol). Hypotension is treated with fluids initially 
but vasopressors (e.g. ephedrine, phenylephrine or 
noradrenaline) may be required. Intravenous mag- 
nesium sulphate may be useful: it suppresses cate- 
cholamine release from the tumour and adrenergic 
nerve endings, is a direct-acting vasodilator and has 
antiarrhythmic effects but has a narrow therapeutic 
window and plasma Mg’ concentration should be 
monitored. Perioperative epidural analgesia may at- 
tenuate some of the cardiovascular responses, except 
during tumour handling, and is useful for postopera- 
tive analgesia. However, it should be used judiciously 
to avoid hypotension. Postoperative problems may 
include hypoglycaemia, somnolence, opioid sensi- 
tivity, hypotension and hypoadrenalism. Invasive 
monitoring should be continued for 12—24h after 
surgery and the patient must be nursed in a high- 
dependency or intensive care unit. 

Laparoscopic adrenalectomy is now the surgical 
treatment of choice for adrenal phaeochromocytoma. 
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It is performed via the transperitoneal or retroperi- 
toneal routes. These laparascopic techniques are as- 
sociated with less postoperative pain, and earlier 
mobilization and recovery, compared with open sur- 
gery. Overall, cardiovascular disturbance may be less, 
but the creation of a pneumoperitoneum during 
transperitoneal laparoscopy may cause large surges in 
catecholamine concentrations in addition to those oc- 
curring during tumour mobilization. Consequently, 
similar anaesthetic considerations apply as for open 
surgery. 


PLASTIC SURGERY 


Plastic surgery includes the reconstitution of damaged 
or deformed tissues (congenital abnormalities or re- 
sulting from trauma, burns or infection), removal of 
cutaneous tumours or cosmetic alteration of body 
features. Division or removal of the abnormality of- 
ten necessitates skin grafting. Major plastic surgery 
includes the formation and repositioning of free and 
pedicle grafts and the movement of skin flaps. 


General Considerations 


Many of these procedures have important common 
features. Patients may be physically deformed and at- 
tention should be directed to their psychological state. 
This is influenced by long periods of confinement and 
rehabilitation, concern over disfigurement or loss of 
limb function, and occasionally chronic pain. The pres- 
ence of local or generalized infection and the patient’s 
state of nutrition are important factors in postopera- 
tive outcome and should be considered. Conversely, 
cosmetic surgery of the face, tattoo removal, breast 
augmentation and removal of unwanted adipose tis- 
sue are usually performed on healthy patients. Surgery 
is often prolonged, requiring special attention to blood 
and fluid replacement therapy, and maintenance of 
body temperature. Pain is usually peripheral in origin 
but may be severe, particularly from donor skin graft 
sites; local anaesthetic techniques (nerve or plexus 
blockade, or local infiltration) are very effective. 
Anaesthesia for prolonged procedures should be 
administered using humidified gases in a warmed 
theatre environment, employing a technique which 
minimizes protracted recovery from anaesthesia. A 
remifentanil-based technique supplemented by a 
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relatively insoluble volatile agent (e.g. isoflurane, des- 
flurane or sevoflurane) is effective. Alternatively, a to- 
tal intravenous technique may be employed, although 
the vasodilatation produced by volatile agents may 
be beneficial to surgical outcome. Nitrous oxide may 
produce bone marrow depression with exposure of 
more than 8h duration and an oxygen/air mix should 
be substituted. Fluid balance should be maintained 
scrupulously. Significant haemorrhage is common 
during plastic surgery. Blood transfusion is frequently 
required, although microvascular flow is optimal with 
a haematocrit of approximately 0.3 and overtransfu- 
sion should be avoided. The outcome of microvascu- 
lar surgery depends on adequate blood flow through a 
patent graft. Volatile anaesthetic agents and regional or 
sympathetic blockade cause vasodilatation, which may 
be helpful. However, graft blood flow may be impaired 
by hypotension, venous congestion or vasoconstric- 
tion caused by hypovolaemia, hypothermia, hypocap- 
nia or pain. Therefore, maintenance of normal arterial 
pressure, circulating volume and cardiac output, nor- 
mothermia, and provision of good analgesia are im- 
portant to maximize peri- and postoperative perfusion 
of the surgical site. Vascular spasm may be diminished 
by the use of local vasodilators. 

The patient must be positioned to avoid ligament 
strain, and lumbar support is useful during long pro- 
cedures. Pressure areas should be protected with soft 
padding to prevent pressure injury, particularly over 
bony prominences, and a pressure-relieving mattress 
used. Measures should be taken to prevent DVT for- 
mation. When surgery has been completed, wound 
dressing and bandaging may be lengthy procedures. 
Bandages may be applied around the trunk and the 
patient must be lifted carefully to avoid injury. 


Head and Neck 


Tracheal intubation using a reinforced tube is recom- 
mended for surgery in this area. Tumours or scarring 
of the neck, deformity of facial bones and cleft palate 
can make tracheal intubation particularly difficult. The 
airway should be assessed carefully before anaesthesia, 
any difficulties anticipated and a complete range of 
equipment should be available. The administration of 
muscle relaxants in such patients may be unwise before 
the airway is secured by intubation; awake fibreoptic 
intubation under local anaesthesia or an inhalational 
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technique should be considered. The method of 
maintenance is determined by the condition of the 
patient, the type and duration of surgery (frequently 
prolonged) and the experience and preference of the 
anaesthetist. Venous drainage is improved and bleed- 
ing reduced in head or neck surgery if the patient is 
positioned in a 10—15° head-up tilt. Hypotensive tech- 
niques may also be indicated, in which case an arterial 
cannula is advisable for measurement of arterial pres- 
sure. It is important to protect the eyes from pressure, 
the ears from blood and other fluids and the tracheal 
tube and anaesthetic tubing from dislodgement. It may 
be difficult to monitor chest movement, and access 
to the arms may be impossible. An i.v. infusion with 
extension tubing is essential; there should be access to 
a three-way tap for injection of drugs. 


Trunk 


Surgery performed on the trunk may be prolonged 
and require unusual patient positioning, e.g. hip flex- 
ion during and after abdominoplasty. Specific consid- 
erations include potential haemorrhage during breast 
reduction surgery, and the use of restrictive dressings 
applied after surgery. 


Limbs 


Local anaesthesia (e.g. by blockade of nerve plexuses in 
the neck, axilla or groin) may be an advantage in terms 
of analgesia and vasodilatation for surgery on upper or 
lower limbs. The duration of some plastic surgical 
operations and the use of a surgical tourniquet to pro- 
vide a bloodless field may preclude some techniques, 
but prolonged neural blockade may be achieved using 
a catheter technique and by selection of an agent with 
a prolonged duration of action (e.g. bupivacaine or 
ropivacaine). Intravenous sedative drugs or light gen- 
eral anaesthesia are useful adjuncts to help the patient 
tolerate a prolonged procedure. Specific nerve blocks 
may be useful; for example, blockade of the femoral 
and lateral cutaneous nerve of the thigh provides good 
analgesia for skin graft donor sites during and after 
operation. Bier’s block is of limited value because of 
tourniquet pain, and cuff deflation may be required by 
the surgeon to identify bleeding points. 

Surgical techniques of reimplantation and micro- 
surgical repair of the limbs are well established and 
make specific demands upon the anaesthetist. These 


include maintenance of general anaesthesia for up to 
24h, control of vascular spasm and provision of opti- 
mum conditions for postoperative recovery. 


BURNS 


Thermal burn injuries are common, and despite im- 
provements in outcome over the last few decades, 
can still result in significant morbidity and mortality. 
Factors associated with death include increased age, the 
surface area and depth of the burn and the presence 
of inhalational injury. The anaesthetist may be involved 
with victims of thermal burns at an early stage during 
basic resuscitation and airway management, during 
transfer to, or management in, a critical care or special- 
ized burns unit, or for the provision of general anaes- 
thesia for: 


excision of damaged tissue and escharotomies 

m excision of granulation tissue and subsequent 
grafting 

= changes of dressing 

m reparative plastic procedures to relieve con- 

tractures, permit limb function or correct 

deformities. 


Surgeons now perform debridement of burns with 
escharotomies at an earlier stage because infection and 
sepsis are reduced, and cosmetic results are better. 

Burns are classified according to the depth of 
burn and percentage of body surface area (BSA) 
involved. Partial-thickness burns may be confined to 
the epidermis (superficial epidermal or first-degree 
burns), or extend to the superficial or deeper layers of 
the dermis (superficial or deep dermal, second-degree 
burns). Typical features of first-degree burns include 
severe pain, lack of blistering and erythema which 
blanches on palpation. They heal spontaneously in a 
few days and should not be included in estimates of 
burn size. Superficial epidermal burns include blister- 
ing and also blanch, but usually heal naturally within 
2 weeks. Deep dermal burns also cause blistering but 
do not blanch and are less painful than superficial 
burns. Full-thickness (third-degree) burns extend 
through the dermis into the subcutaneous tissues and 
appear white, red, brown or black, and do not blanch. 
They usually cause sensory loss because of superfi- 
cial nerve injury. Both deep dermal and full-thickness 
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burns require excision and grafting. The Wallace ‘rule 
of nines’ may be used to assess the area of burns in 
order to guide fluid management but is inaccurate in 
children. Lund and Browder charts are more accurate 
and are widely available. In clinical practice, the area of 
significant burn injury is often overestimated. 


Pathophysiology 

Early death in victims of fire is usually caused by hy- 
poxaemia, resulting either from a reduction in inspired 
oxygen concentration in a smoke-filled atmosphere or 
from poisoning by products of combustion, e.g. car- 
bon monoxide, hydrogen cyanide, hydrogen sulphide 
and ammonia. The affinity of carbon monoxide for 
haemoglobin is 200 times greater than that of oxygen, 
and in the presence of high carboxyhaemoglobin con- 
centrations, arterial oxygen content is reduced. The 
oxygen dissociation curve is also distorted and shifted 
to the left, resulting in reduced oxygen delivery to the 
tissues. Inhalation of hot gases causes direct thermal 
upper airway burns with supraglottic oedema which 
may lead to airway obstruction within a few hours. 
Inhalation of smoke particles and toxic products of 
combustion can cause an inhalational injury compris- 
ing mucosal oedema, mucociliary damage, broncho- 
spasm and loss of surfactant with the development 
of pneumonitis over the next 1—4 days. In addition 
to the local inflammatory response at the site of the 
burn, major burns also cause the widespread systemic 
release of cytokines, notably TNFa, interleukin-1 
(IL-1) and IL-6, and reactive oxygen species. These 
may mediate the development of the systemic inflam- 
matory response syndrome and contribute to the acute 
lung injury. Persistently high IL-6 concentrations are 
associated with a poor prognosis. 

Cardiovascular changes after burn injuries include 
increased microvascular permeability with extravasa- 
tion of plasma proteins, reduced plasma oncotic pres- 
sure and interstitial oedema. This is most marked at 
the site of the burn but also occurs throughout the 
vasculature, leading to marked hypovolaemia within 
hours. Myocardial contractility and cardiac output 
decrease independently of the reduction in circulat- 
ing volume because of circulating depressant factors 
and diastolic dysfunction. Systemic vascular resistance 
is increased. If resuscitation is adequate, cardiac out- 
put may increase markedly after the first 24h. Plasma 
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potassium and urea concentrations increase initially 
because of cell tissue necrosis and haemolysis; muscle 
breakdown results in rhabdomyolysis. Renal failure 
may occur early after major burns primarily because of 
inadequate fluid resuscitation, but haemolysis or 
rhabdomyolysis may contribute. 

The sympatho-adrenal response to burns includes 
enormous increases in plasma concentrations of cat- 
echolamines, aldosterone, ACTH and arginine vaso- 
pressin (AVP). These result in marked retention of 
sodium and water, with increased excretion of potas- 
sium, calcium and magnesium, so that hypokalaemia 
and anaemia are common after the first 48 h post-burn. 
There is also a hypercatabolic state with tachycardia, 
hyperpnoea and hyperpyrexia which may persist for 
several weeks or months. Muscle breakdown occurs in 
association with decreased protein synthesis, increased 
lipolysis and glycogenolysis so that nutritional and 
calorie requirements are increased markedly. Sepsis 
frequently develops following severe burns, often lead- 
ing to widespread metabolic derangement, multiorgan 
failure and death. The outcome of sepsis in patients 
with burns is worse than in sepsis after trauma. 

Recovery from burns trauma may be protracted. 
The anaesthetist must be aware of the probable re- 
quirement for multiple administrations of general an- 
aesthesia, frequent use of opioid analgesics in the early 
stages and the importance of psychological support 
throughout the patient’s stay in hospital. 


Initial Management 


The initial assessment and management of acute burn 
injuries are similar to those applied to other victims of 
trauma and are summarized in Table 31.6. The aim of 
immediate treatment is to secure the airway and ad- 
minister high-flow humidified oxygen through a non- 
rebreathing system; tracheal intubation and IPPV 
with 100% oxygen may be required to maintain an 
adequate PaO,. Fluid resuscitation should be started. 
Intravenous fluids guided by a formal protocol are re- 
quired if the burn exceeds 10-15% of total BSA and 
central venous access is usually required with burns 
greater than 20% BSA. Early warning signs of upper 
airway burns include facial or intra-oral burns, singed 
facial or nasal hair, carbonaceous sputum, hypoxae- 
mia, dyspnoea, cough or wheeze, although these are 
not universally present in the early stages and airway 
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TABLE 31.6 


Initial Management of Patients with Severe Burns 

1. History - time, extent and mechanism of burn, age and 
weight of patient, brief medical history 

2. Airway assessment 


3. Breathing - administer 100% humidified oxygen via a non- 
rebreathing mask 


4. Circulation - establish two large-bore i.v. cannulae and 
commence fluid resuscitation 


. Assess neurological status 

Exposure with environmental control 

. Analgesia - i.v. opioids 

. Formally assess burn area and re-evaluate fluid requirements 
. Monitoring - vital signs, urine output 


. Investigations - ABG, COHb, U&E, FBC, clotting screen, 
cross-match blood, ECG, CXR 


11. Secondary survey to exclude other injuries 


12. Burns dressings 


ABG, blood gas analysis; COHb, carboxyhaemoglobin; U&E, urea and 
electrolyte concentrations; FBC, full blood count; CXR, chest X-ray. 


obstruction may develop later. A history of burns in 
an enclosed space is highly suggestive. A high index of 
suspicion for airway burns should be maintained in 
all cases and prophylactic tracheal intubation is often 
justified, particularly in children or if interhospital 
transfer is required. However, the decision to secure 
the airway by tracheal intubation may be difficult and 
a senior anaesthetist should be involved. Hoarseness 
or stridor may indicate impending airway obstruction 
and tracheal intubation in these cases is mandatory. 
Pulse oximeters are unreliable in the presence of car- 
boxyhaemoglobin because they cannot distinguish be- 
tween oxyhaemoglobin and carboxyhaemoglobin and 
therefore overestimate true oxygen saturation; arterial 
blood gas analysis is required. Burns are extremely 
painful and carefully titrated intravenous opioids 
should be administered. Indications for ICU admis- 
sion include potential airway problems, burns involv- 
ing>20% BSA and the presence of other injuries. 
Tissue burns produce rapid fluid shifts and oedema 
formation, particularly during the first 36h. The result- 
ing depletion of intravascular volume is greatest in the 
first few hours and it is essential that a fluid replacement 
regimen is started as early as possible to avoid hypo- 
volaemic shock and acute renal failure. Crystalloid- 
based regimens such as the Parkland formula are 


TABLE 31.7 


Fluid Regimens for Burned Patients 


1. Estimate/measure weight 


2. Estimate percentage area of burn using ‘rule of nines’ for 
adults and ‘rule of tens’ for children 


3. Proceed with regimen if >15% burns in adults or >10% in 
children 


4. Parkland formula: 
Requirements in first 24h (mL) = body weight x % burn x 4 
Fluids given as Ringer’s lactate alone, 50% within first 8h, 
50% between 8 and 24h 
Colloids administered only after first 24h 
5. Muir & Barclay formula: 
Requirements in each time period (mL) = body weight (kg) x 
% burns X 0.5 
Fluids (human albumin solution 4.5%) according to formula 
in each of the following periods: 
0-4h 
4-8h 
8-12h 
12-18h 
18-24h 
24-36h 
In addition, water as 5% dextrose is required at 1-2 mLkg” h“. 


N.B. These formulae should only be used as a guide to fluid requirements 
and individual prescriptions should be adjusted according to response. 


used commonly (Table 31.7) although mixed colloid— 
crystalloid regimens based on that of Muir and Barclay 
are sometimes used. Many advocate administration of 
crystalloid solutions only in the first 24h, with colloids 
added thereafter. However, the pathophysiology of fluid 
shifts is complex and these formulae should be used 
only as a guide to fluid therapy. Recent studies have 
shown that the type of resuscitation fluid used (crys- 
talloid or colloid) does not affect mortality. Vital signs, 
urine output and body temperature should be observed 
closely, and volume replacement titrated to achieve a 
urine output of 0.5-1.0 mLkg`h™ (1.0-1.5mLkg*h" 
in children). Non-invasive methods of cardiac output 
monitoring may also be used to guide fluid replace- 
ment and resuscitation. Haematocrit, base deficit and 
serum lactate, and urea and electrolyte concentrations 
should be monitored. It is important to be aware that 
excessive volumes of fluid for resuscitation can predis- 
pose to some complications including abdominal and 
extremity compartment syndromes. Bladder pressure 
monitoring (to detect intra-abdominal hypertension) 
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has been recommended for all patients with major 
burns of >30% BSA. 


Anaesthetic Problems 
Airway 


It is vital to secure the airway in a patient with head 
and neck burns but this may be extremely challenging. 
In the initial stages, airway obstruction may occur, par- 
ticularly in children where the airway is smaller. Many 
anaesthetists prefer to use an inhalational induction 
in the conscious patient, although raw, painful tissues 
may render proper application of a face mask diffi- 
cult. Awake fibreoptic intubation may be preferable 
in adults. A rapid-sequence induction using succinyl- 
choline may be inadvisable (see below). In all cases, fa- 
cilities and expertise for emergency cricothyroidotomy 
or tracheostomy should be available, although elective 
tracheostomy is generally undesirable because of the 
risk of subsequent pulmonary sepsis and local infec- 
tion in damaged skin. Later, as soft tissues fibrose and 
distort, the range of movement in the neck and tem- 
poromandibular joints may become grossly restricted 
and render laryngoscopic intubation impossible. 

It may be difficult to secure the tracheal tube in 
patients with facial burns. Marked facial and neck swell- 
ing may occur which may result in dislodgement of tra- 
cheal tubes. Tubes should generally be left ‘long’ Several 
ingenious methods have been devised, such as suspension 
of the anaesthetic breathing system from the ceiling, the 
use of umbilical tape to tie the tube in place and wiring 
the tube to the upper teeth. Tracheal intubation is often 
necessary for several days until airway oedema subsides. 
In this situation, or after prolonged surgery, the pharynx 
should be examined closely before tracheal extubation 
because laryngopharyngeal oedema may cause respira- 
tory obstruction when the tracheal tube is removed. 


Ventilation 


Mechanical ventilation should be used in the severely 
burned patient and careful monitoring of ventilation 
is required. Humidification of inspired gas, physio- 
therapy and bronchial toilet are mandatory; bron- 
chodilators and PEEP may be necessary. Acute lung 
injury developing over the first 4 days after burns 
causes alveolar oedema and hypoxaemia. This may be 
exacerbated by the administration of large volumes 
of fluid during resuscitation, but fluid restriction is 
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associated with a worse outcome. Newer techniques 
include bronchial lavage, nebulized heparin, tissue 
plasminogen activator, acetyl cysteine and nitric ox- 
ide. The hypermetabolic state in large burns results 
in large increases in oxygen consumption and carbon 
dioxide production; i.v. nutrition increases the latter. 
The principles of artificial ventilation in burns pa- 
tients are identical to those in acute lung injury from 
other causes: low tidal volume and minimal airway 
pressure (plateau pressure <35 cmH,O, positive end- 
expiratory pressure titrated to maintain oxygenation) 
should be used and permissive hypercapnia tolerated 
if necessary; a sophisticated ventilator may be re- 
quired for patients undergoing relatively simple sur- 
gical procedures. If significant inhalational injury has 
occurred, other ventilator modes such as airway pres- 
sure release ventilation or high frequency oscillation 
may be used. 


Fluid Balance 


Enteral feeding is established as soon as possible. 
The modern practice of early tissue excision is ac- 
companied by extensive and rapid blood loss, and it 
is essential to establish adequate venous access with 
facilities for warming infused fluids; cross-matched 
blood must be available before surgery. Surgeons 
frequently use adrenaline during burn debridement 
to minimize blood loss and the anaesthetist should 
take measures to counteract any cardiovascular ef- 
fects. Blood loss is particularly difficult to monitor 
during burns surgery, and should be measured as 
accurately as possible. Vascular access may be dif- 
ficult and it is often necessary to utilize veins in less 
conventional sites which have escaped injury (e.g. 
axilla or scalp). 


Monitoring 


Cutaneous burns may make conventional monitoring 
(e.g. application of ECG electrodes or blood pressure 
cuff) difficult. Invasive arterial pressure monitoring 
is indicated during early-phase surgery where there is 
potential for rapid blood loss. Urine output and body 
temperature should be monitored. Central venous 
catheterization may be required in the presence of 
extensive burns, although catheter-related sepsis is a 
hazard. Non-invasive monitors of cardiac output may 
also be useful. 
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Patient Positioning 


Burns surgery may require the patient to be positioned 
in unusual postures (e.g. prone or lateral), and the an- 
aesthetist should be prepared because changes of posi- 
tion may be required during a procedure. 


Temperature Loss 


Heat loss is increased from a burned area by evapo- 
ration and inability of cutaneous vessels to constrict 
and prevent radiation. The anaesthetist should mini- 
mize heat loss during anaesthesia and surgery by use 
of a warming blanket, foil blanket, blood warmer, gas 
humidifier and an ambient theatre temperature and 
humidity of 27°C and 50%, respectively. 


Anaesthetic Drugs 


Personal preference and the problems of repeated 
administration of anaesthesia govern the choice of 
anaesthetic agent. An inhaled nitrous oxide/oxygen 
mixture (Entonox) and iv. ketamine are useful for 
analgesia during burns dressings. However, it is not 
safe to assume that the airway is preserved during 
ketamine anaesthesia and antisialagogue premedica- 
tion is useful to diminish salivation. Diazepam may 
control the emergence hallucinations suffered by some 
patients who receive ketamine. Intravenous opioids 
(by infusion, boluses or patient-controlled analgesia) 
are effective alternatives. Supplementary analgesics are 
required in the short- and long-term, e.g. paracetamol, 
non-steroidal anti-inflammatory drugs. Adjunctive 
therapies include clonidine, tricyclic antidepressants, 
topical and systemic local anaesthetics or transcuta- 
neous electrical nerve stimulation. For surgical proce- 
dures, a balanced technique using a volatile agent and 
opioid is indicated. The disposition and action of many 
drugs are affected following burns, e.g. there is marked 
resistance to the effects of nondepolarizing muscle re- 
laxants from 1 week after major burns. 
Succinylcholine should be not be administered 
from 24 to 48h after the burn. In the presence of 
muscle damage, it may cause acute hyperkalaemia 
in concentrations sufficient to cause cardiac arrest. 
The mechanism involves upregulation of cholinergic 
receptors with the proliferation of immature recep- 
tor isoforms and extrajunctional receptors. The most 


dangerous period in this regard is probably between 
4 days and 10 weeks after thermal injury. 
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NEUROSURGICAL ANAESTHESIA 


urosurgical procedures include elective and 


emergency surgery of the central nervous system, its 
vasculature and the cerebrospinal fluid (CSF), together 
with the surrounding bony structures, the skull and 
spine. Almost all require general anaesthesia. In ad- 
dition to a conventional anaesthetic technique which 
pays meticulous attention to detail, the essential factors 
are the maintenance of cerebral perfusion pressure and 
the facilitation of surgical access by minimizing blood 
loss and preventing increases in central nervous tissue 
volume and oedema. 


APPLIED ANATOMY AND 
PHYSIOLOGY 


Anatomy 
Brain 


The brain comprises the brainstem, the cerebellum, 
the midbrain and the paired cerebral hemispheres. The 
brainstem is formed from the medulla and the pons, 
with the medulla connected to the spinal cord below 
and to the cerebellum posteriorly. The medulla contains 
the ascending and descending nerve tracts, the lower 
cranial nerve nuclei and the respiratory and vasomo- 
tor (or ‘vital’) centres. Running through the brainstem 
is the reticular system which is associated with con- 
sciousness. A lesion or compression of the brainstem 
secondary to raised intracranial pressure produces ab- 
normal function of the vital centres which is rapidly 
fatal (‘coning’). The cerebellum coordinates balance, 
posture and muscular tone. The midbrain connects 
the brainstem and cerebellum to the hypothalamus, 
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the thalamus and the cerebral hemispheres. The ce- 
rebrum consists of the diencephalon containing the 
thalamus, hypothalamus and the two cerebral hemi- 
spheres. The thalamus contains the nuclei of the main 
sensory pathways. The hypothalamus coordinates the 
autonomic nervous system and the endocrine systems 
of the body. Below the hypothalamus is the pituitary 
gland. Pituitary tumours may produce the signs of 
a space-occupying lesion, restrict the visual fields by 
compressing the optic chiasma or give rise to an en- 
docrine disturbance. The cerebral hemispheres com- 
prise the cerebral cortex, the basal ganglia and the 
lateral ventricles. A central sulcus or cleft separates 
the main motor gyrus (or fold) anteriorly from the 
main sensory gyrus posteriorly. Each hemisphere is 
divided into four areas or lobes. The function of the 
different lobes is incompletely understood. However, 
the frontal lobe contains the motor cortex and areas 
concerned with intellect and behaviour. The parietal 
lobe contains the sensory cortex, the temporal lobe is 
concerned with auditory sensation and the integra- 
tion of other stimuli, and the occipital lobe contains 
the visual cortex. Lesions of the cerebral hemispheres 
give rise to sensory and motor deficits on the opposite 
side of the body. 


Spinal Cord 


The spinal cord is approximately 45 cm long and passes 
from the foramen magnum, where it is continuous 
with the medulla, to a tapered end termed the conus 
medullaris at the level of the first or second lumbar 
vertebrae. At each spinal level, paired anterior (motor) 


and posterior (sensory) spinal roots emerge on each 
side of the cord. Each posterior root has a ganglion 
containing the cell bodies of the sensory nerves. The 
two roots join at each intervertebral foramen to form a 
mixed spinal nerve. 


Cerebrospinal Fluid 


Cerebrospinal fluid (CSF) fills the cerebral ventricles and 
the subarachnoid space around the brain and the spinal 
cord. The CSF acts as a buffer, separating the brain and 
spinal cord from the hard bony projections inside the 
skull and the vertebral canal. It is produced by the choroid 
plexus in the lateral, third and fourth ventricles by a com- 
bination of filtration and secretion (Fig. 32.1). The total 
volume of CSF is 150-200 mL. CSF passes back into the 
venous blood through arachnoid villi. Blockages which 
obstruct the normal flow of CSF through the ventricular 
system or prevent its reabsorption lead to a build-up in 
CSF pressure, dilation of the ventricles and hydrocephalus. 


Meninges 


Three meninges or membranes surround the brain and 
the spinal cord. These are the dura mater, the arachnoid 


Subarachnoid space 


Lateral ventricle 


Third ventricle 


a 
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mater and the pia mater. Around the brain, the dura 
mater is a thick, strong, double membrane which sepa- 
rates into its two layers in parts to form the cerebral ve- 
nous sinuses. The outer or endosteal layer is adherent to 
the skull bones and is the equivalent of the periosteum. 
The inner layer is continuous with the dura which sur- 
rounds the spinal cord. The major artery supplying 
the dura mater in the head is the middle meningeal 
artery, which may be damaged in a head injury and 
skull fracture, leading to the formation of an extradural 
haematoma. The arachnoid mater is a thin membrane 
normally adjacent to the dura mater. Cortical veins 
from the surface of the brain pass through the arach- 
noid mater to reach dural venous sinuses and may be 
damaged by relatively minor trauma, leading to the 
formation of a subdural haematoma. The pia mater is 
a vascular membrane closely adherent to the surface of 
the brain and follows the contours of the gyri and sulci. 
The space between the pia and arachnoid maters is the 
subarachnoid space and contains CSF. 

The dura mater forms a sac which ends below the 
cord, usually at the level of the second sacral segment. 
The dura extends for a short distance along each nerve 


Cerebral venous sinus 


FN 


FIGURE 32.1 


Cerebral aqueduct 


The ventricular system and subarachnoid space. 
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root and is continuous with the epineurium of each 
spinal nerve. There is an extensive subarachnoid space 
between the arachnoid mater and the pia mater. The 
space between the dura and the bony part of the spi- 
nal canal (the extradural or epidural space) is filled 
with fat, lymphatics, arteries and an extensive venous 
plexus. 


Vascular Supply 


The arterial blood supply to the brain is derived from 
the two internal carotid arteries and the two vertebral 
arteries. The vertebral arteries are branches of the 
subclavian arteries and pass through foramina in the 
transverse processes of the upper six cervical vertebrae. 
They join together anterior to the brainstem to form 
the single basilar artery, which then divides again to 
form the two posterior cerebral arteries. These vessels 
and the two internal carotid arteries form an anasto- 
motic system known as the circle of Willis at the base 
of the brain. The main arteries supplying the cerebral 
hemispheres are the anterior, middle and posterior ce- 
rebral artery for each hemisphere. The majority of ce- 
rebral aneurysms are of vessels that are part of, or very 
close to, the circle of Willis. Other important vessels 
supplying the brainstem and the cerebellum branch 
from the basilar artery. Venous blood drains into the 
cerebral venous sinuses, whose walls are formed from 
the dura mater. These sinuses join and empty into the 
internal jugular veins. 

The blood supply to the spinal cord comes from 
the single anterior spinal artery formed at the foramen 
magnum from a branch from each of the vertebral 
arteries, and from the paired posterior spinal arteries 
derived from the posterior inferior cerebellar arteries. 
The anterior artery supplies the anterior two-thirds of 
the cord. There are additional supplies from segmental 
arteries and also a direct supply from the aorta, usu- 
ally at the level of the eleventh thoracic intervertebral 
space. The blood supply to the spinal cord is fragile, 
and infarction of the cord may result from even minor 
disruption of the normal arterial supply. 


Autonomic Nervous System 


The autonomic nervous system is classified on anatom- 
ical and physiological grounds into the functionally 
opposing sympathetic and parasympathetic nervous 
systems. The central areas responsible for coordinating 


the autonomic nervous system are mostly in the 
hypothalamus and its surrounding structures, and 
in the frontal lobes. The sympathetic nervous system 
cells arise from the lateral horn of the thoracic and first 
two lumbar segments of the spinal cord. The neurones 
of the parasympathetic nervous system exit the cen- 
tral nervous system with the third, seventh, ninth and 
tenth cranial nerves and from the second to the fourth 
sacral segments of the spinal cord. 


Intracranial Pressure 


With normal cerebral compliance (the correct physi- 
ological parameter is elastance, which is the recipro- 
cal of compliance), the intracranial pressure (ICP) is 
7-15 cmH,O (5-11 mmHg) in the horizontal position. 
When moving to the erect position, the ICP decreases 
initially, but then, because of a decrease in reabsorption 
of CSF, the pressure returns to normal. ICP is related 
directly to intrathoracic pressure and has a normal 
respiratory swing. It is increased by coughing, strain- 
ing and positive end-expiratory pressure. In the pres- 
ence of reduced cerebral compliance, small changes in 
cerebral volume produce large changes in ICP. Such 
critical changes may be induced by drugs used during 
anaesthesia (e.g. volatile anaesthetic agents and vaso- 
dilators), elevations in PaCO, and posture, as well as 
by surgery and trauma (Fig. 32.2). 


Cerebral Blood Flow 


Under normal conditions, the brain receives about 
15% of the cardiac output, which corresponds 
to a cerebral blood flow (CBF) of approximately 
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FIGURE 32.3 ™ Autoregulation of cerebral blood flow. (A) 


Drug-induced vasodilatation. (B) Normal. (C) Hypertension 
or haemorrhagic hypotension. 


50mL 100g" tissue min or 600-700 mL min". The 
cerebral circulation is able to maintain an almost con- 
stant blood flow between a mean arterial pressure of 
60 and 140 mmHg by the process of autoregulation. 
This is mediated by a primary myogenic response in- 
volving local alteration in the diameter of small arte- 
rioles in response to changes in transmural pressure. 
Above and below these limits, or in the traumatized 
brain, autoregulation is impaired or absent, so that 
cerebral blood flow is closely related to cerebral perfu- 
sion pressure (CPP) (Fig. 32.3). This effect is also seen 
in association with cerebral hypoxia and hypercapnia, 
in addition to acute intracranial disease and trauma. 
Cerebral perfusion pressure may be reduced as a result 
of systemic hypotension or an increase in ICP; CBF 
is maintained until the ICP exceeds 30-40 mmHg. 
The Cushing reflex increases CPP in response to an 
increase in ICP by producing, first, reflex systemic 
hypertension and tachycardia and then bradycardia, 
despite these compensatory mechanisms also contrib- 
uting to an increase in ICP. In the treatment of closed 
head injuries, if both ICP and mean arterial pressure 
are being monitored, it is essential to maintain the re- 
sultant CPP with vasopressor therapy if cerebral per- 
fusion is borderline because even transient absence of 
flow to the brain may produce focal or global isch- 
aemia with infarction. Figure 32.3 also demonstrates 
that haemorrhagic hypotension associated with excess 
sympathetic nervous activity results in a loss of auto- 
regulation at a higher CPP than normal, while the use 
of vasodilators to induce hypotension shifts the curve 
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to the left, maintaining flow at lower levels of perfu- 
sion pressure. Vasodilators also differ in their effects; 
autoregulation is preserved at a lower CPP with so- 
dium nitroprusside than with autonomic ganglionic 
blockade (however, vasodilators are rarely used dur- 
ing neuroanaesthesia). Cerebral blood flow is closely 
coupled to cerebral metabolic rate. Local increases in 
cerebral metabolic rate are associated with very prompt 
increases in CBE The increased electrical activity associ- 
ated with convulsions produces an increase in lactic acid 
and other vasodilator metabolites. This, together with 
an increase in CO, production, produces an increase in 
CBE. Conversely, cerebral metabolic depression, in asso- 
ciation with either deliberate or accidental hypothermia 
or induced by drugs, reduces CBF. 


Cerebral Metabolism 


The energy consumption of the brain is relatively con- 
stant, whether during sleep or in the awake state, and 
represents approximately 20% of total oxygen con- 
sumption at rest, or 50 mL min. Anaesthesia results in 
a decrease in cerebral metabolic rate. Cerebral metabo- 
lism relies on glucose supplied by the cerebral circula- 
tion because there are no stores of metabolic substrate. 
Other substrates which the brain can use are ketone 
bodies, lactate, glycerol, fatty acids and some amino ac- 
ids including glutamate, aspartate and y-aminobutyric 
acid (GABA). The brain can tolerate only short periods 
of hypoperfusion or circulatory arrest before irrevers- 
ible neuronal damage occurs. The brain also releases 
and subsequently inactivates neurotransmitters. 

The energy production of the brain is related di- 
rectly to its rate of oxygen consumption, and the ce- 
rebral metabolic rate for oxygen (CMRO,) is often 
used to quantify cerebral activity. By the Fick principle, 
CMRO, is equal to the CBF multiplied by the arterio- 
venous oxygen content difference. Barbiturates have 
been used to reduce cerebral metabolic rate, and pro- 
pofol and benzodiazepines have a similar, although less 
profound, effect. All are used in the sedation of patients 
with head injury, and the choice is related more to the 
anticipated duration of sedation than to differences in 
the effects of the drugs, with the exception of prolonged 
barbiturate coma induced by infusion of thiopental. 

Hypothermia is associated with a reduction in cere- 
bral metabolic rate, with a decrease of approximately 
7% for every 1°C decrease in temperature. 
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Effects of Oxygen and Carbon Dioxide on 
Cerebral Blood Flow 


Physiologically, carbon dioxide is the most important 
cerebral vasodilator. Even small increases in PaCO, 
produce significant increases in CBF and, therefore, 
ICP. There is an almost linear relationship between 
PaCO, and CBF (Fig. 32.4). Over the normal range, 
an increase of PaCO, by 1kPa increases CBF by 30%. 
Conversely, hyperventilation to produce a PaCO, of 
4kPa produces cerebral vasoconstriction and a de- 
crease in ICP, although this is compensated for by an 
increase in CSF production over a more prolonged pe- 
riod of hyperventilation, such as that used in the treat- 
ment of head injuries. This is why there is no advantage 
in aggressive hyperventilation regimens in head injury 
management. Hypocapnia below a PaCO, of 4kPa has 
little acute effect on ICP, and hyperventilation beyond 
this point to lower ICP should be avoided except as a 
last resort because the vasoconstriction induced may 
be associated with a reduction in jugular bulb oxygen 
saturation, suggesting hypoperfusion and ischaemia. 
At a PaCO, above 10kPa, the vessels are maximally di- 
lated and there is little, if any, further increase in CBF. 

Reduction in blood oxygen content also leads to ce- 
rebral vasodilation such that cerebral oxygen delivery 
remains approximately constant. In the normal physi- 
ological range, alterations in PaO, have little effect on 
CBF over the normal range. It is only when PaO, de- 
creases below about 7 kPa that cerebral vasodilatation 
occurs. Reduction in cerebral blood oxygen content 
due to anaemia has similar effects. 
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The effect of increasing PaCO, on cerebral 


GENERAL PRINCIPLES OF 
NEUROSURGICAL ANAESTHESIA 


Most intracranial operations involve a craniotomy, i.e. 
removal of a piece or flap of bone to gain access to the 
meninges and brain substance beneath. In many proce- 
dures, the size of the craniotomy can be 4-5 cm diame- 
ter or less (for example, for tumour biopsy, evacuation 
of a chronic subdural haematoma, insertion of an ex- 
ternal ventricular drain or ventricular shunt catheter). 
Some procedures still require a large craniotomy (e.g. 
evacuation of acute subdural, extradural or intrace- 
rebral haematoma, meningioma resection, aneurysm 
surgery). A smooth anaesthetic technique is essential, 
avoiding increases in arterial and venous pressures and 
changes in carbon dioxide concentration while at the 
same time avoiding a decrease in cerebral oxygenation. 

Most anaesthetists maintain hypnosis with either 
an inhalational anaesthetic agent, usually sevoflurane, 
or with a continuous infusion of propofol. Intra- 
operative analgesia is provided by a short-acting opi- 
oid such as remifentanil by infusion or intermittent 
doses of fentanyl (for short or minor procedures). 
Neuromuscular blockade and IPPV are usually em- 
ployed. It is extremely important to ensure adequate 
fixation of the tracheal tube and intravascular cannu- 
lae and to protect the eyes, because access to the head 
and limbs is severely restricted during the operation. 
Continuous monitoring of the electrocardiograph 
and arterial pressure is essential; direct arterial pres- 
sure and temperature monitoring are normally used, 
together with continuous measurement of oxygen 
saturation, and end-tidal carbon dioxide and inspired 
anaesthetic agent concentrations. At the end of the 
procedure, the patient must be transferred to the re- 
covery room with no residual neuromuscular block- 
ade or opioid-induced respiratory depression because 
both may produce critical increases in ICP related to 
hypercapnia and hypoxaemia. Long-acting drugs with 
a marked sedative action are used with caution peri- 
operatively so that a pathological failure of return to 
consciousness is not masked. 


Induction of Anaesthesia 


An intravenous infusion of an isotonic electrolyte 
solution should be started through a large-gauge in- 
travenous cannula before induction. Intravenous in- 
duction should be used whenever possible. However, 
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inhalational induction may be appropriate in children 
if the risk of a crying, distressed child is more likely 
to increase ICP than the vasodilator effects of a high 
inspired concentration of a volatile anaesthetic agent. 
Both thiopental and propofol reduce ICP and are suit- 
able induction agents. The intravenous anaesthetic 
should be given with an appropriate dose of short- 
acting opioid and a neuromuscular blocking agent to 
facilitate a smooth induction and tracheal intubation, 
avoiding hypoxaemia and hypercapnia. A nerve stimu- 
lator should be used to ensure complete muscle paraly- 
sis before attempting direct laryngoscopy, to prevent 
any coughing or straining. It is important to remember 
that cerebral perfusion may be reduced when the ICP 
is raised, and an induction technique which produces 
significant hypotension may critically reduce cerebral 
perfusion in patients with a space-occupying lesion 
(SOL) or an intracranial or subarachnoid haemor- 
rhage associated with vasospasm. 

The most commonly used techniques to reduce the 
hypertensive response to laryngoscopy and tracheal 
intubation are supplementary short-acting opioids 
(fentanyl, alfentanil) or short-acting p-adrenoceptor 
blockade (e.g. esmolol). If remifentanil is used as a co- 
induction agent, an infusion is usually started imme- 
diately after the induction dose and acts to control the 
hypertensive response; alternatively, a target-controlled 
infusion (TCI) is used for both induction and mainte- 
nance during the intubation. A reinforced disposable 
tracheal tube is used. Careful positioning of the tube 
is vital because any intraoperative flexion of the neck 
may result in intubation of the right main bronchus if 
the tip of the tube is initially placed too close to the ca- 
rina. After the tube has been secured, the neck should 
be flexed gently while listening for the presence of 
breath sounds in both axillae. The tube should be se- 
cured in place with several layers of sticky tape to pre- 
vent it peeling away after application of surgical ‘prep’ 
solution to the scalp. Cotton ties should not be used 
because they may compress the internal jugular veins, 
increasing venous pressure and leading to a reduction 
in cerebral perfusion pressure and increased intraop- 
erative haemorrhage. Many anaesthetists routinely in- 
sert a pharyngeal throat pack to help to stabilize the 
tracheal tube in the mouth, but it is only essential if 
transnasal surgery (e.g. trans-sphenoidal hypophy- 
sectomy) is planned. A nasogastric tube is inserted in 


patients who are going to be prone for prolonged pe- 
riods, or if surgery around the brainstem is planned 
(which might lead to a postoperative bulbar palsy). 

The eyes are protected by applying paraffin 
gauze, padding with a folded swab and then cover- 
ing with a waterproof tape. Skin cleaning (‘prep’) 
solutions must be prevented from entering the eyes. 
Low-molecular-weight heparin is not used preop- 
eratively, but is started after surgery when the risk 
of perioperative haemorrhage has reduced. There is 
a significant risk of deep venous thrombosis (DVT) 
in this group of patients. Thromboembolism (TED) 
stockings are used pre- and postoperatively and in- 
termittent pneumatic compression devices are used 
intra-operatively. 


Positioning 

Many neurosurgical operations are long and position- 
ing of the patient to facilitate optimal access, while 
preventing hypothermia, pressure sores and periph- 
eral nerve injury, is important. Supratentorial cranial 
surgery involving the frontal or frontotemporal areas 
is performed with the patient supine, while parietal 
and occipital craniotomies are carried out in the lat- 
eral or three-quarters prone (‘park bench’) position. In 
all cases, care must be taken to avoid neck positions 
such as marked rotation or flexion which might im- 
pede venous drainage. The fully prone position is used 
for surgery on the posterior fossa and around the fo- 
ramen magnum, and the spine. The prone position is 
discussed in more detail in the section on spinal sur- 
gery (page 652). For some procedures, it is necessary to 
tilt or roll the table during the operation. The patient 
must be positioned securely with supports to prevent 
slipping if the table is moved. Some neurosurgical op- 
erations are prolonged and, whatever position is used, 
it is essential that all pressure points are protected ad- 
equately. During long operations, the pulse oximeter 
probe should be moved every 4h, at least. 


Heat Loss 


Temperature should be maintained using a forced 
warm air blanket. It is important to prevent heat loss 
during prolonged surgery. Although there are theo- 
retical benefits of allowing the body to cool intra- 
operatively (to around 35°C) if cerebral ischaemia 
is likely or after head injury, well-controlled studies 
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have failed to support such an approach. However, 
hyperthermia should be avoided. 


Maintenance of Anaesthesia 


The basis of anaesthesia for neurosurgery is ventila- 
tion of the lungs with air and oxygen to produce a 
PaCO, of around 4.5 kPa, using either a volatile an- 
aesthetic agent or a propofol infusion supplemented 
by an opioid analgesic (remifentanil infusion or fen- 
tanyl boluses). Unless used carefully, remifentanil may 
produce hypotension, and when it is stopped, there 
may be rebound hypertension and the sudden onset 
of pain or agitation. Sevoflurane is the volatile agent 
of choice, given that its effects on the cerebral vascula- 
ture are much less than those of isoflurane. At clinical 
concentrations, sevoflurane has no effect on cerebral 
autoregulation and causes only a minimal increase in 
ICP. Alternatively, total intravenous anaesthesia with 
propofol TCI may be used. There is no evidence that 
one technique is associated with a better outcome 
compared with any other. 

The choice of neuromuscular blocking agent de- 
pends usually on personal preference. In most cases, 
these drugs should be given by infusion. A peripheral 
nerve stimulator should be used and the infusion rate 
titrated to maintain an adequate degree of block (one 
twitch of the train-of-four stimulus pattern should 
be present), while preventing overdosage so that the 
block can be completely reversed shortly (10-15 min) 
after stopping the infusion and administering an 
anticholinesterase. 

The initial part of a craniotomy is painful, but after 
the bone flap has been reflected and the dura incised, 
pain is not a significant feature again until closure 
of the wound. For this reason, supplementary intra- 
operative opioids in large doses are unnecessary. Use 
of opioids during maintenance does allow use of less 
hypnotic agent. Reflex vagal stimulation can occur, 
particularly following stimulation of the cranial nerve 
roots or during vascular surgery around the circle of 
Willis and the internal carotid artery. This may neces- 
sitate immediate administration of an anticholinergic 
agent to avoid severe bradycardia or even asystole. 

Maintenance of normal arterial pressure is im- 
portant in all patients, but may be a particular prob- 
lem during induction in very sick or elderly patients. 
Hypotension, with the consequent reduction in 


cerebral perfusion, should be treated by infusion of a 
moderate volume of fluid, but it is advisable to admin- 
ister a vasopressor such as ephedrine at an early stage. 

Use of techniques permitting rapid recovery (for 
example sevoflurane, propofol, remifentanil) are par- 
ticularly valuable in situations in which the patient 
is required to wake up and move to command intra- 
operatively, e.g. during spinal surgery or trigeminal 
nerve radiofrequency lesion generation. 


Fluid Replacement Therapy 


Most patients who present for elective intracranial 
operations are satisfactorily hydrated preoperatively. 
Patients with acute conditions such as trauma, those 
with a high ICP associated with nausea and vomit- 
ing and patients with general debility and cachexia 
may be dehydrated. The main intra-operative distinc- 
tions between patients are related to the underlying 
pathology. Cerebral tumours are associated with oe- 
dema and raised ICP, and therefore such patients may 
have been fluid-restricted preoperatively However, 
intra-operative hypotension must be avoided and 
careful perioperative fluid administration is essential. 
Cerebrovascular surgery is associated with vasospasm 
and maintaining an adequate cerebral blood flow is 
the prime prerequisite. A normal circulating blood 
volume is essential if the perfusion pressure is to be 
maintained, and although a slight reduction in haema- 
tocrit to about 0.30 is optimal for perfusion, adequate 
fluid replacement must be given. 

All hypotonic fluids are avoided. Isotonic crystal- 
loids are the standard maintenance fluids. There is no 
evidence for a specific role for colloid solutions, al- 
though blood is used if the haemoglobin falls below 
8-9g dL~. During significant haemorrhage or in pa- 
tients with multiple injuries, careful attention to hae- 
mostasis is essential. 


Supplementary Drug Therapy 


Patients with a tumour or some other lesions may 
already be receiving an antiepileptic, and others may 
require intravenous phenytoin perioperatively, de- 
pending on the site of surgery. Patients receiving 
high-dose steroids need peri- and postoperative dexa- 
methasone; the normal dose is 4mg 6-hourly with 
8-16 mg as an intra-operative bolus. Depending on 
local microbiological flora and surgeons’ preferences, 
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perioperative antibiotics are administered to many 
patients; a common choice is cefuroxime 1.5 g, which 
should be repeated 3-hourly during long operations. 


Monitoring During Neurosurgical 
Anaesthesia 


Standard monitoring should be started before induc- 
tion. In patients in whom cardiovascular instability 
may be a problem, including the very elderly and frail 
or following subarachnoid haemorrhage, this should 
include direct arterial pressure monitoring started 
before induction. Arterial cannulation is now used 
routinely in all patients undergoing an intracranial 
operation, for surgery on the cervical spine, and in 
other situations in which rapid fluctuations in arterial 
pressure may occur. It also facilitates arterial sampling 
for blood gas analysis. Use of central venous pressure 
(CVP) catheters varies greatly among different prac- 
titioners and different neurosurgical units. They are 
used when major blood loss is expected, such as sur- 
gery for very vascular meningiomas, and for clipping 
of a cerebral aneurysm. They may be used in other op- 
erations in which there is a high risk of air embolism. 
A precordial or oesophageal stethoscope may be used 
to auscultate cardiac and respiratory sounds and also 
abnormal flow murmurs produced by air embolism. 
An oesophageal stethoscope is used more frequently in 
children. 

Cerebral oximetry, transcranial Doppler, electroen- 
cephalography and evoked potentials are used in spe- 
cific situations. 


Mechanisms for Reducing Intracranial 
Pressure 


The methods used commonly to reduce ICP (or to 
limit increases) are drugs, ventilation, posture and 
drainage. Adequate cerebral venous drainage must 
be assured by ensuring the neck veins are not com- 
pressed by ties, tapes or excessive neck rotation or 
flexion. Diuretics such as mannitol 10% or 20% 
(0.5-1.0gkg"') or furosemide (20-40 mg) deplete 
the intravascular fluid volume and subsequently re- 
duce CSF production. A bolus of an intravenous an- 
aesthetic agent such as propofol or thiopental may 
be used to reduce the cerebral metabolic rate, caus- 
ing a reduction in cerebral blood flow and therefore 
decreases in cerebral blood volume and ICP. Direct 


drainage of CSF may be accomplished either by 
lumbar puncture or by direct puncture of the cis- 
terna magna or lateral ventricles. A move to an in- 
creased head-up position reduces venous congestion 
and ICP, but arterial hypotension must be avoided. 
Hypercapnia must be prevented by the use of IPPV, 
while short-term use of moderate hyperventilation 
produces cerebral vasoconstriction and a reduction 
in cerebral blood volume. If in doubt, an arterial 
blood gas analysis should be performed to verify ad- 
equate lung ventilation. 


Elective Hypotension 


Induced hypotension was formerly one of the 
mainstays of cerebrovascular surgery, but its use has 
diminished considerably in recent years because of 
the appreciation that cerebral perfusion is all-impor- 
tant. Most aneurysm surgery in now carried out at 
normotension; indeed, if the patient has an element 
of cerebral vasospasm, any reflex hypertension should 
be maintained. Hypotension is now a therapy of last 
resort if bleeding is torrential and it is otherwise im- 
possible for the surgeon to regain control. If hypoten- 
sion is required, the choice of technique is determined 
by the anticipated duration of induced hypotension. 
The alternatives are a short-acting B-adrenoceptor 
blocker such as esmolol, or increasing the depth of 
anaesthesia with a volatile agent. Direct vasodila- 
tors are rarely used because of the risk of ‘steal’ away 
from areas of poor perfusion, and the possibility of 
increasing cerebral blood volume and affecting the 
ICP. Hypotensive anaesthesia is used more frequently 
in spinal surgery, although the risks of inducing isch- 
aemia in the cord substance are the same as in the 
brain. In this situation, evoked potentials may be 
used to assess spinal cord function during periods of 
hypotension. 


Recovery from Anaesthesia 


The majority of patients are allowed to wake up as 
usual at the end of operation, preferably in a dedi- 
cated neurosurgical recovery room. The Glasgow 
Coma Scale (Table 32.1) or an equivalent for children 
is recorded. Patients should return rapidly to at least 
their preoperative level of consciousness. A failure to 
achieve this, or a deterioration after an initial awak- 
ening, should alert carers to possible ischaemia or 
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TABLE 32.1 


The Glasgow Coma Scale 


Clinical Sign Response Score 
Eyes open Spontaneously 4 

To verbal command 3 

To pain 2 

No response 1 
Best motor response to Obeys 6 
verbal command or to Localizes pain 5 
painful stimulus Flexion withdrawal 4 

Abnormal flexion 3 


(decorticate rigidity) 
Extension 2 
(decerebrate rigidity) 


No response 1 
Best verbal response Orientated, converses 5 

Disorientated, 4 

converses 

Inappropriate words 3 

Incomprehensible 2 

sounds 

No response 1 


Total (minimum 3, 
maximum 15) 


raised ICP. Re-imaging or immediate wound explo- 
ration is then required. Seizures after elective intra- 
cranial neurosurgery are surprisingly rare and, if they 
occur, should be treated immediately and the cause 
identified. 

Complete reversal of nondepolarizing neuromus- 
cular blockade must be achieved and judicious use of 
intra-operative opioids should remove the need for 
administration of naloxone. Paracetamol is used, but 
non-steroidal anti-inflammatory drugs are avoided 
because of the risk of inhibiting platelet function and 
precipitating a postoperative intracranial bleed. 


POSTOPERATIVE CARE 


Although many patients who have undergone spinal 
or intracranial surgery are awake and conscious in the 
immediate postoperative period, some still require ac- 
tive, intensive treatment. This is important particularly 
in patients who have raised ICP (or when ICP is li- 
able to rise) and in those who have undergone cerebral 
aneurysm surgery, when postoperative vasospasm may 


be a problem. Ideally, all patients who have undergone 
intracranial surgery should be cared for in a high- 
dependency unit environment. Elective postoperative 
sedation and lung ventilation with continuous moni- 
toring of both arterial and intracranial pressures is 
rarely necessary unless severe oedema is likely or when 
there is damage to critical structures such as the respi- 
ratory centre. 

Fluid therapy is required to replace ongoing losses 
and while the patient is not drinking; only isotonic 
fluids should be used. Patient who have undergone 
craniotomy or major spinal surgery have a urinary 
catheter in place. Neurosurgical patients are at high 
risk of DVT and low molecular weight heparin should 
be started as soon as it is safe to do so (usually the day 
after surgery). 

Historically, long-acting opioids were used very 
cautiously after craniotomy or upper cervical spine 
surgery. However, moderate to severe pain is com- 
mon after craniotomy and most patients can be 
given an opioid intravenously or orally in addition to 
paracetamol. Surgery of the thoracic and lumbar spine 
is associated with significant postoperative pain and 
non-steroidal anti-inflammatory drugs and patient- 
controlled analgesia are used. 


ANAESTHESIA FOR ELECTIVE 
INTRACRANIAL SURGERY 


The preoperative condition of patients who present 
for craniotomy varies enormously. Some patients are 
confused, disorientated, euphoric or aggressive and in 
many cases the surgery is not truly elective. 


Intracranial Tumours 


Gliomas usually grow quickly and the history is often 
short (days or weeks); meningiomas are slow-growing 
and the history may be slow and insidious. Unlike 
gliomas, the volume effect of a meningioma is usu- 
ally minimal because a reduction in the volume of the 
other intracranial contents compensates. However, the 
volume effects may eventually become apparent, espe- 
cially if there is bleeding into the meningioma. 
Patients with an intracranial tumour are usually 
taking steroids (normally dexamethasone 4mg every 
6h), which may precipitate a latent diabetic state, 
requiring insulin during the acute episode. Most 
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patients have some symptoms of raised ICP, such as 
headache, nausea, vomiting or visual disturbances. 
Anticonvulsant therapy may have been prescribed to 
patients who have presented with fitting or who are 
thought to be at risk. Some patients may be frankly 
dehydrated, and while it is important to avoid aggres- 
sive preoperative fluid therapy, hypovolaemia must be 
treated before induction of anaesthesia. 

For slowly growing tumours such as meningiomas 
and less aggressive gliomas, as near total excision as 
possible is attempted. However, total excision of all the 
macroscopically identifiable glioma tissue is now con- 
sidered futile for fast-growing lesions. Large portions of 
tumours are excised if pressure symptoms are the main 
presenting feature. For aggressive tumours, the great- 
est need is for a tissue diagnosis. If lesions are small, 
deep-seated or near critical areas (such as the motor 
strip or speech centre), a radiologically-guided biopsy 
or awake surgery (see section on functional surgery be- 
low) is appropriate. Stereotactic biopsy involves a CT 
scan with a rigid metal frame firmly attached to the 
skull. Trigonometry is then used to find co-ordinates, 
relative to the frame, which describe the exact site of 
the lesion (to within 1mm). A biopsy needle is then 
passed through the brain to sample tissue from this 
site. The frame is applied after induction of anaesthe- 
sia and, because small changes in brain volume causes 
the lesion to move, the PaCO, should be maintained at 
a constant level for both the CT scan and the biopsy. 
Frameless image-guided surgery can be performed, in 
which a scan of the brain (and skull) is compared with 
topographical features of the head in theatre to guide a 
biopsy needle or small craniotomy biopsy and excision. 

There is a small (~1%) risk of haemorrhage after 
a biopsy. Following surgery, patients should be as- 
sessed for neurological defects related to the excised 
tissue. There is a risk of postoperative haemorrhage 
after any craniotomy and a deterioration in conscious 
state should be investigated urgently. After retraction 
of normal brain tissue to access a tumour (e.g. retrac- 
tion of the frontal lobes to excise an olfactory groove 
meningioma), reperfusion injury can lead to swelling 
and infarction during the first 24h. 


Cerebrovascular Lesions 


Patients with a vascular lesion such as an intracranial 
aneurysm or arteriovenous malformation (AVM) may 


TABLE 32.2 


World Federations of Neurosurgeons (WFNS) 
Grading of Subarachnoid Haemorrhage 


WFNS Grade GCS Motor Deficit 

1 15 Absent 

2 13-14 Absent 

3 13-14 Present 

4 7-12 Present or 
absent 

a 3-6 Present or 
absent 


GCS, Glasgow Coma Scale. 


present acutely with a subarachnoid or intracerebral 
haemorrhage. Congenital lesions are seen frequently 
in young and previously healthy patients. Intracranial 
aneurysms occur in the older age group and may be 
associated with other, more widespread cardiovascular 
disease. Subarachnoid haemorrhage is now graded us- 
ing the World Federation of Neurosurgeons’ (WENS) 
scale (Table 32.2). Although application of clips 
(‘clipping’) at craniotomy should prevent the risk of 
further bleeding, significant perioperative morbid- 
ity and mortality can result from vasospasm, which 
may occur pre- or postoperatively The current trend 
is to undertake emergency cerebral angiography and 
clipping of an aneurysm in good-grade patients, but 
to delay surgery in the poor-grade patients until their 
condition improves. The calcium channel blocker ni- 
modipine is used to reduce or prevent vasospasm. By 
preference, it is given orally because the hypotensive 
effects are less. 

An alternative method of treating intracranial an- 
eurysms is by interventional neuroradiological ‘coil- 
ing’ (see below). This was used initially for inaccessible 
posterior circulation aneurysms but has now become 
the technique of choice for most aneurysms in many 
centres. 

The conscious state in patients with intracerebral 
haemorrhage ranges from completely lucid to con- 
fused, and the preoperative assessment must take this 
into account. Those in the older age group may be re- 
ceiving drugs with cardiovascular effects and are also 
frequently receiving aspirin or warfarin, which may be 
a contraindication to urgent craniotomy. 
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As flow is more pressure-dependent in areas with 
vasospasm, it is necessary to avoid both hypoten- 
sion and hypertension. Similarly, hypocapnia should 
be avoided. A normal cerebral perfusion pressure 
should be maintained. Although fluid replacement 
therapy may be all that is required, the careful use 
of a vasopressor may be necessary in the interval be- 
tween induction and incision. Nimodipine therapy 
interacts with inhalational anaesthetic agents to 
enhance their hypotensive effects. Postoperatively, 
nimodipine therapy is continued for several days 
until the risk of vasospasm has passed. Blood enter- 
ing the CSF either as a result of the initial haemor- 
rhage or during operation is an extreme irritant. 
Its presence may cause large increases in plasma 
catecholamine concentrations, with consequent hy- 
pertension and vasospasm. Blood which clots in the 
aqueduct of Sylvius causes obstruction to CSF flow 
and non-communicating hydrocephalus, necessitat- 
ing temporary ventricular drainage or insertion of a 
ventriculo-peritoneal shunt. 

Intra-operative temporary clipping of feeding ves- 
sels (or to prevent anastomotic backflow from tribu- 
taries) may be required to allow safe application of 
the permanent clip to the neck of the aneurysm. 
Temporary clips may also be required if the aneurysm 
bursts, to allow the surgeon to stop the haemorrhage. 
These clips cause temporary ischaemia in the terri- 
tory supplied by that vessel. Attempts are usually made 
to reduce the risk of permanent ischaemic damage. 
Metabolic suppression with intravenous anaesthetic 
agents and mild hypothermia have been used. There 
is, however, no evidence that these techniques have any 
effect on outcome. 


Anaesthesia for Interventional 
Neuroradiology 


In addition to coiling of intracranial aneurysms, ra- 
diologists treat a variety of other lesions including 
AVMs, carotid-cavernous sinus fistulae and dural 
arteriovenous fistulae in the head or spine. These 
procedures use several techniques including detach- 
able coils and glue placed within vessels to interrupt 
blood supply. The blood vessels supplying some tu- 
mours, e.g. meningiomas, may also be occluded be- 
fore surgical excision. Most of these procedures are 
not painful, although headache may occur. However, 


to allow precise localization of the lesion and accurate 
positioning of the intravascular catheters, the patient 
has to lie very still, sometimes for several hours, and 
general anaesthesia is commonly used. Many of the 
risks of open aneurysm surgery apply equally in this 
situation, and a full, conventional neurosurgical an- 
aesthetic technique should be used, including direct 
arterial pressure monitoring both to monitor arterial 
pressure and to enable blood sampling for coagula- 
tion studies. Heparin is used during the procedure. If 
thrombus starts to form in the feeding vessels, anti- 
platelet treatment is started. Rupture of the aneurysm 
may require immediate craniotomy, clot evacuation 
and open clipping of the neck of the aneurysm. It is 
important not to underestimate the need for a full 
neuroanaesthetic technique, simply because a crani- 
otomy is not being performed. 


Pituitary Surgery (Hypophysectomy) 

The pituitary fossa is sometimes approached through 
a frontotemporal craniotomy for large suprasellar 
tumours, or more usually through the nose (trans- 
sphenoidal). The majority of pituitary adenomas 
are non-functioning and cause pressure symptoms — 
usually on the optic chiasm. However, there may be 
preoperative endocrine abnormalities such as acro- 
megaly or Cushings’s disease. Acromegalic patients 
who present for pituitary surgery may pose consider- 
able difficulties in tracheal intubation and are at risk of 
obstructive sleep apnoea. Glucocorticoid replacement 
is required in the immediate perioperative period; 
mineralocorticoid requirements increase only slowly 
over the subsequent days. Diabetes insipidus may 
present in the immediate postoperative period and re- 
quires stabilization with vasopressin until the degree 
of the imbalance is known. It usually resolves over the 
first few days. If the nasal approach is used, a pharyn- 
geal pack must be inserted and the airway protected to 
prevent aspiration of blood and CSE. 


CSF Shunt Insertion and Revision 


The majority of patients who present for insertion or 
revision of a ventriculo-peritoneal shunt are children 
with congenital hydrocephalus, often resulting from 
spina bifida or from intraventricular haemorrhage 
after premature birth. Older patients may require a 
permanent shunt after intracranial haemorrhage or 
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head injury or to treat normal pressure hydrocephalus. 
The major anaesthetic considerations lie in the 
presentation of a patient with severely raised ICP who 
may be drowsy, nauseated and vomiting, with resultant 
dehydration. Compensatory systemic hypertension 
to maintain cerebral perfusion may also be present. 
Rapid-sequence induction may be indicated to avoid 
aspiration; the increase in ICP caused by succinylcho- 
line is of secondary importance. Artificial ventilation to 
control PaCO, is essential to prevent further increases 
in ICP, and a volatile anaesthetic agent should be used 
with care for the same reason. When the ventricle is 
first drained, a rapid decrease in CSF pressure may re- 
sult in an equally rapid reduction in arterial pressure, 
which no longer needs to be elevated to maintain cere- 
bral perfusion. Adequate venous access is important to 
allow rapid resuscitation in response to this severe but 
temporary hypotension. Shunt surgery may be painful, 
particularly at the site of insertion into the peritoneum 
or from the tunnelling of the catheter under the skin. 
Use of long-acting opioids has to be balanced against 
the need to have the patient achieve at least the preop- 
erative level of consciousness. 

An endoscopic technique may be used to create 
a new passage for the flow of CSE. The endoscope is 
passed through a small burr-hole into the lateral and 
then the third ventricles. The sudden changes in ICP 
from the use of irrigating fluid and the passage of the 
neuroendoscope near to vital structures may result in 
dramatic changes in heart rate and arterial pressure. 


Functional Surgery 


Surgery for Parkinson’s disease and epilepsy is per- 
formed in an awake patient. The initial exposure may 
be made under general anaesthesia, but the mapping of 
the brain, and the surgery itself (e.g. inducing a lesion 
in the basal ganglia), are performed awake under lo- 
cal anaesthesia only. Surgery to remove slow-growing 
or benign tumours from the ‘eloquent’ or critical ar- 
eas near the main motor and sensory gyri may also 
be performed in this way, to guide the surgeon and 
avoid damage to these areas. Careful assessment and 
selection of patients is essential to ensure that patient 
knows what to expect and can co-operate during long 
periods of awake surgery. Careful positioning (to avoid 
neck strain), urethral catheterization and temperature 
control are also required. 


Treatment of Trigeminal Neuralgia 


This extremely debilitating condition is usually treated 
pharmacologically with large doses of antiepileptic 
drugs. However, surgical lesions of the trigeminal gan- 
glion are performed when the side-effects of medical 
treatment become unacceptable. A lesions of the gan- 
glion is induced by radiofrequency ablation or injec- 
tion of either phenol or alcohol. All these techniques 
are very painful and require general anaesthesia. The 
patient is anaesthetized while the ganglion is identi- 
fied radiologically, awakened to allow identification 
of correct positioning of the needle, and then re- 
anaesthetized for generation of the lesion or neurolytic 
injection. If the CSF is encountered during localization 
of the ganglion, nausea frequently occurs and vomit- 
ing with the patient in the supine position should be 
anticipated. Some cases of trigeminal neuralgia are 
caused by an abnormal vascular loop compressing the 
trigeminal nerve in the posterior fossa. A small crani- 
otomy and decompression of the nerve by placing a 
Teflon pad between the nerve and vessel is often suc- 
cessful in curing the symptoms; the problems of anaes- 
thesia and surgery in this area are highlighted below. 


Posterior Fossa Craniotomy 


Surgery in the posterior cranial fossa involves lesions 
of the cerebellum and fourth ventricle. The lateral 
‘park bench’ position may be used for some lesions 
such as vestibular schwannoma (acoustic neuroma). 
The prone position facilitates operations on the cer- 
ebellum, foramen magnum and upper cervical spine. 
Bone is usually removed as a craniectomy in the poste- 
rior fossa rather than by raising a bone flap. 

In the past, some surgeons favoured the sitting po- 
sition because this produced good venous drainage, 
relative hypotension and excellent operating condi- 
tions. The patients were frequently allowed to breathe 
a volatile anaesthetic agent (usually trichloroethylene) 
spontaneously so that changes in the respiratory pat- 
tern could be used to monitor the progress of fourth 
ventricular surgery in the region of the respiratory 
centre. This posed several major anaesthetic problems. 
Patients in the sitting position are prone to hypoten- 
sion, which results inevitably in poor cerebral perfu- 
sion. Air embolism is also a severe potential problem 
because when the skull is opened many of the veins 
within the bone are held open and, if the venous 
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pressure at this point is subatmospheric, air may en- 
ter the veins, leading to systemic air embolism. For 
these reasons, the sitting position is no longer used 
other than in exceptional circumstances. Although this 
change has diminished the risks of cerebral hypoper- 
fusion and consequent hypoxia, air embolism is still a 
potential problem. The operative site, particularly with 
a moderate head-up tilt, is still above the level of the 
heart and the veins are held open by the surrounding 
structures. 


Detection and Treatment of Air Embolism 


The mainstay of detection is vigilance and a high index 
of suspicion. The main period of risk during surgery in 
the prone position is when the posterior cervical mus- 
cles are cut and the craniectomy is being performed. 
Air embolism may occur in the supine position be- 
cause the patient is often placed slightly head-up to 
encourage venous drainage. Surgery near the dural ve- 
nous sinuses may result in a sinus being opened. This 
may lead to torrential bleeding, but if the head is raised 
it may alternatively lead to air entrainment as the walls 
of the sinuses, formed by the dura, are held apart. The 
severity of the effects of air embolism depend upon the 
volume of air entrained and the time course of the ac- 
cumulation of the air in the central circulation. 

The main practical method of detection is by end- 
tidal carbon dioxide monitoring, because the ‘airlock’ 
produced in the pulmonary circulation results in a 
rapid reduction in CO, excretion (usually together 
with a reduction in oxygen saturation). Arterial pres- 
sure decreases and cardiac arrhythmias are frequently 
seen. The use of an oesophageal stethoscope permits 
auscultation of the classic ‘mill wheel’ murmur with 
large quantities of air, but requires continuous listen- 
ing. Doppler ultrasonography is probably the most ac- 
curate method of early detection before the embolus 
leaves the heart, but frequently suffers from interfer- 
ence. Unfortunately, there are many false positives with 
more sensitive techniques such as Doppler ultrasonog- 
raphy. In practice, provided that the sitting position is 
not used, large air emboli are uncommon. Treatment 
consists of preventing further entry of air by telling 
the surgeon, who immediately floods the operative 
field with saline, lowering the level of the head and in- 
creasing the venous pressure by jugular compression. 
Ideally, the air should be trapped in the right atrium by 


placing the patient in the left lateral position; it is then 
occasionally possible to aspirate air through a central 
venous catheter. Vasopressors may be required until 
the circulation is restored; occasionally, full cardiopul- 
monary resuscitation is necessary. 


ANAESTHESIA FOR SURGERY OF 
THE SPINE AND SPINAL CORD 


Many neurosurgical procedures involve surgery around 
or on the spinal cord, usually either for decompression 
of nerves as a result of a prolapsed intervertebral disc or 
degenerative arthritis, or for decompression of the cord 
when the spinal canal is occupied by tumour. Some 
cervical spine surgery is performed supine (see below) 
but most spinal procedures require the patient to be 
positioned prone. The patient can be supported on a 
Montreal mattress, bolsters or blocks placed under the 
upper chest and iliac crests, or a purpose-built frame, 
all of which allow unimpeded respiratory movements 
and avoid abdominal compression. In the prone posi- 
tion, pressure areas may develop over the facial bones, 
particularly around the eyes; careful padding is vital. 
The neck should be kept in a neutral position, if pos- 
sible, to avoid stretching the brachial plexus and if it 
is necessary to have the arms up above the head, they 
should not be abducted excessively nor should there be 
anything pressing into the axillae. 


Anaesthesia for Cervical Spine Surgery 


The cervical spine may be approached from either the 
anterior or the posterior route, depending largely upon 
the site of cord or root compression. Although the pos- 
terior approach is less likely to damage vital structures, 
the patient must lie prone, and hypotension, blood loss 
and access, particularly in a large individual, may cause 
problems. 

In most patients, the neck is relatively stable. Bony 
degeneration from osteoarthritis can produce severe 
cord compression. However, rheumatoid arthritis can 
produce neck instability, particularly in flexion. It is es- 
sential to assess the range of neck movement in addi- 
tion to the assessment of the ease of tracheal intubation. 
It is doubly unlucky to have a difficult intubation in a 
patient with an unstable neck! If problems are antici- 
pated, the normal ‘difficult intubation’ drill should be 
followed, using the methods with which the anaesthetist 
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is most familiar. Severe ankylosing spondylitis involving 
the neck probably presents the most awkward problem, 
caused by the rigid immobility of the cervical spine. 
Additional factors which apply particularly in rheuma- 
toid patients include anaemia, steroid therapy, fragile 
skin, and renal and pulmonary problems. 


Anterior Cervical Decompression 


This technique involves exposing the anterior aspect of 
the cervical vertebral bodies and their interposing discs 
through a collar incision, removing the intervertebral 
disc and decompressing the cord while distracting the 
disc space mechanically. The vertebral bodies are then 
kept separated with a prosthetic spacer, artificial disc 
or sometimes a bone graft taken from the iliac crest. 
Single or multiple levels may be involved and the neck 
may be quite rigid for future intubation if several adja- 
cent levels are decompressed. 

Apart from the potential problems of tracheal in- 
tubation, anaesthesia is relatively straightforward, al- 
though pneumothorax is a potential problem with 
operations at the C7-T1 level. Retraction of the oe- 
sophagus and, more particularly, the carotid sheath and 
sinus, may produce severe temporary cardiovascular 
disturbance (usually sinus bradycardia). Postoperative 
haemorrhage may lead to acute airway obstruction. 


Posterior Cervical Laminectomy 


Patients are usually placed prone, with the neck flexed, 
and in a slightly head-up posture to reduce haemor- 
rhage. Bleeding from the nuchal muscles is often a 
problem and air embolism remains a risk. The main 
difficulties, as in all spinal surgery in the prone posi- 
tion, arise from epidural venous bleeding, and the 
changes in intrathoracic pressure from IPPV can have 
a significant effect. In addition, prolonged cord com- 
pression can result in an autonomic neuropathy which 
may produce significant hypotension both at induc- 
tion and when the patient is turned into the prone 
position. Cervical laminectomy may be accompanied 
by posterior fusion with either bone or metal, which 
results in immediate postoperative stability. 


Anaesthesia for Thoracic and Lumbar 
Decompression 


Lumbar microdiscectomy for sciatica and one-level 
laminectomy are usually quite minor procedures. 


Patients with severe sciatica may gain instant pain 
relief postoperatively. However, multiple-level lami- 
nectomies are more major operations and direct 
arterial blood pressure measurement may be required 
in elderly or debilitated patients. Thoracic discs and 
tumours such as neurofibromata are approached 
occasionally by the transthoracic route, involving tho- 
racotomy and a combined approach with the patient 
in the lateral position. Bronchial intubation and one- 
lung anaesthesia may be needed to facilitate access in 
this situation. 

Correction of spinal deformities such as scoliosis 
and surgery to stabilize vertebrae damaged by trauma 
or destroyed by metastatic tumour are often associ- 
ated with significant bleeding and the need for massive 
blood transfusion. Hypotensive anaesthesia is used oc- 
casionally to decrease bleeding, and particularly the 
venous ooze in the operative field. Cell salvage reduces 
the need for blood transfusion, although its role in 
tumour surgery is unclear. Spinal cord monitoring 
using somatosensory- or motor-evoked potentials 
allows identification of spinal cord ischaemia during 
surgery. These potentials are affected by many an- 
aesthetic agents, particularly the volatile anaesthetic 
agents, and a TIVA-based technique is preferred. 
Children with congenital scoliosis associated with 
other conditions (such as Duchenne muscular dystro- 
phy) represent a significant anaesthetic challenge as a 
result of their co-morbidities, in particular their lung 
function, and the volume of blood loss. 


ANAESTHESIA FOR EMERGENCY 
INTRACRANIAL SURGERY 


The main indication for emergency intracranial sur- 
gery is bleeding as a result of trauma, which may be ex- 
acerbated in patients treated with anticoagulant drugs, 
including aspirin and clopidogrel. Intracranial haema- 
tomata may arise epidurally (extradurally), subdurally 
or intracerebrally and may accumulate either rapidly 
or slowly. Patients receiving warfarin may develop a 
subdural haematoma after a very minor head injury. 
Many patients who present for anaesthesia and surgery 
are unconscious or semiconscious and irritable as a re- 
sult of raised ICP and cerebral compression. Virtually 
all patients with head injury have had an emergency 
CT scan as part of their initial management. Many 
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have undergone tracheal intubation and ventilation 
of the lungs for this procedure and are subsequently 
kept anaesthetized and taken straight to the operating 
theatre for surgery to decompress the brain. It is im- 
portant to remember that, with an expanding intra- 
cranial haematoma, speed is of the essence if cerebral 
damage is to be minimized or avoided. While adequate 
anaesthetic time must be taken to ensure safety, exces- 
sive delays may seriously affect the overall result of de- 
compression and make the difference between a good 
and merely a moderate recovery. 

The anaesthetic maintenance technique is similar 
to that used for elective intracranial surgery, consist- 
ing of careful use of a hypnotic, a short-acting intra- 
venous opioid, neuromuscular blockade and IPPV to 
a PaCO, of 4.5kPa. Tracheal intubation in patients at 
risk of regurgitation and aspiration of stomach con- 
tents should be facilitated with succinylcholine. If the 
patient is unconscious, the initial anaesthetic require- 
ments may be small. Most acute haematomas are evac- 
uated through a full craniotomy, because, if necessary, 
the bone flap may be left out or allowed to ‘float’ free, 
providing a method of decompression in the case of 
severe oedema. 

Chronic subdural collections may be evacuated 
via burr holes. These are usually performed under 
general anaesthesia, but may be undertaken with lo- 
cal anaesthesia alone in frail, elderly patients. Many 
chronic subdural haematomas recur and underlying 
brain substance injury is common. As the patient’s 
brain is decompressed, the level of consciousness may 
lighten considerably and it may be necessary to deepen 
anaesthesia to prevent the patient becoming aware. It 
is important to avoid long-acting opioid analgesics 
because these may mask the level of consciousness, 
which is used to follow the progress of cerebral trauma 
postoperatively. 


MANAGEMENT OF THE 
HEAD-INJURED PATIENT 


Head-injured patients, their subsequent treatment and 
rehabilitation represent a considerable proportion of 
neurosurgical practice. The immediate management 
requires meticulous attention to the prevention of sec- 
ondary brain injury from ischaemia; little can be done 
about the primary insult to the brain or spinal cord. In 


recent years, the awareness of both the medical profes- 
sion and the general public has had a profound effect 
on general resuscitation simply by improving airway 
management in the unconscious patient. The resusci- 
tation and immediate care of all head-injured patients 
uses the same A-B-C principles taught on ATLS and 
ALS courses for care of all trauma victims and other 
seriously ill patients. Particular points to note for head 
injury care are as follows: 


1. Initial airway maintenance, remembering that 
patients with craniofacial injuries often have as- 
sociated damage to the cervical spine. Tracheal 
intubation is usually necessary, must be accom- 
plished without excessive neck manipulation 
and should be performed by an experienced 
person. It is important to make intubation as 
atraumatic as possible; consequently, sedation 
and neuromuscular blockade should be used ir- 
respective of the level of consciousness, except in 
the most severe situation. The benefits of succi- 
nylcholine usually outweigh the potential risks. 
Nasotracheal intubation is contraindicated be- 
cause of the possibility of a basal skull fracture. 

2. Maintenance of adequate ventilation with 
oxygen-enriched air. Avoidance of hypoxaemia 
and hypercapnia is essential. 

3. Maintenance of an adequate circulating volume 
and arterial pressure. Hypotension after head 
injury greatly worsens outcome. Other injuries 
which may affect the circulatory state must be 
identified while resuscitation is being performed. 

4. Sedation and analgesia, and neuromuscular 
blockade, are usually continued to allow man- 
agement of other injuries, CT scanning and pos- 
sible inter-hospital transfer. 

5. Detailed assessment of thoracic, abdominal and 
limb injuries and appropriate therapy to stabi- 
lize the patient’s cardiovascular and respiratory 
systems are required before transfer to the CT 
scanner and X-ray room. Other life-threatening 
injuries must be dealt with to prevent second- 
ary brain injury caused by hypoxaemia or 
hypotension. 

6. Invasive arterial pressure monitoring, together 
with ECG, capnography and pulse oximetry 
are all important in the early detection of de- 
terioration in ICP, cardiovascular stability or 
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respiratory function. A contused, oedematous 
and non-compliant brain tolerates only minimal 
changes in oxygen supply or carbon dioxide ten- 
sion before ICP increases still further. 

7. After the CT scan, many patients are transferred 
directly to the neurosurgical operating theatre 
for evacuation of haematoma or insertion of an 
intraventricular catheter or pressure transducer. 
Patients who are scanned in peripheral hospitals 
have their scans relayed to the main neurosurgi- 
cal centre. The patient is then transferred directly 
by ambulance to the neurosurgical operating 
theatre, but both cardiovascular and neurologi- 
cal stability must be achieved before the journey. 
Realistically, this involves the transfer of a sedated, 
intubated and ventilated patient, often pretreated 
with mannitol to minimize acute increases in ICP. 


INTENSIVE CARE MANAGEMENT 
OF HEAD-INJURED PATIENTS 


The main benefits of intensive care are in the provision 
of optimal conditions to allow recovery from the pri- 
mary cerebral injury while minimizing any secondary 
damage. 


Sedation 


Sedation is usually achieved with an infusion of ei- 
ther propofol or midazolam together with an opioid 
(usually morphine or alfentanil). Thiopental may be 
beneficial in the presence of severely compromised 
cerebral blood flow and metabolism, or status epilep- 
ticus. Neuromuscular blockade is frequently used in 
addition to sedative drugs. 


Ventilation 


Mechanical lung ventilation is particularly important 
in patients suffering from multiple trauma, especially 
with the combination of head and chest injuries, to 
ensure optimal oxygenation in the face of pulmo- 
nary contusion. This is normally achieved by the use 
of IPPV and may involve the use of small amounts 
of positive end-expiratory pressure (PEEP). There is 
evidence to suggest that hyperventilation worsens out- 
come, and the main benefits of mechanical ventilation 
are the prevention of hypercapnia and the provision of 
adequate cerebral oxygenation. 


Detailed Neurological Assessment 


The Glasgow Coma Scale (Table 32.1), which is based 
upon eye opening, and verbal and motor responses, is 
used in non-sedated patients. Brain function may also 
be assessed by use of the electroencephalogram (or a 
processed EEG monitor such as the cerebral function 
analyzing monitor [CFAM]), transcranial Doppler 
and near-infrared spectroscopy. 


ICP Monitoring 


It is very helpful to be able to monitor the 
effectiveness of therapy used to manage intracranial 
hypertension, and in particular to achieve an effec- 
tive cerebral perfusion pressure. The ICP is moni- 
tored using a transducer inserted either extradurally, 
subdurally or into the brain parenchyma. This may 
be undertaken in the ICU or in the operating theatre. 
ICP often increases in response to stimulation, phys- 
iotherapy, tracheal suction, etc., but should return to 
the pre-stimulation value within 5-10 min. Frequent 
and prolonged increases in ICP demonstrate a low 
cerebral compliance and the need for further seda- 
tion and ventilation. If weaning from mechanical 
ventilation is started and the ICP increases and re- 
mains elevated, the patient should be re-sedated and 
the lungs ventilated for a further 24-h period. It is 
beneficial to nurse head-injured patients in a 15° 
head-up tilt to assist in control of ICP, provided that 
coexisting conditions permit. 


Adequate Fluid Therapy and Nutrition 


Although otherwise healthy patients with an isolated 
head injury have very low metabolic requirements, 
many fail to absorb from the gastrointestinal tract 
because of the effects of sedative and opioid drugs or 
simply secondary to head trauma; associated hypox- 
aemia exacerbates the problem. It is sometimes nec- 
essary to introduce parenteral nutrition, particularly 
in patients who are catabolic from coexisting injuries. 
As in elective patients at risk from elevated ICP caused 
by cerebral oedema, head-injured patients are also 
at risk from excessive intravenous fluid therapy, par- 
ticularly if hypotonic solutions are used. Fluid restric- 
tion may be appropriate, and if large amounts of fluid 
have been given during initial resuscitation, a gentle 
drug-induced diuresis with furosemide to create an 
overall negative fluid balance (or at least to prevent a 
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positive balance) may be appropriate. Fluid overload 
also impairs oxygenation further in potentially hypox- 
aemic patients with combined head and chest injuries, 
or following aspiration at the time of head injury. The 
use of mannitol tends to be reserved for the emergency 
treatment of raised ICP rather than the treatment of 
simple fluid overload. 


High-Dependency Nursing Care 


Provision of appropriate care for the unconscious 
patient, even when breathing spontaneously, is dif- 
ficult, and demands a high intensity of nursing care. 
Intensive or high-dependency care centralizes nursing, 


medical and monitoring resources to provide optimal 
care of the head-injured patient. 


ANAESTHESIA FOR CT AND MRI 
SCANNING 


This is discussed in Chapter 38. 
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SURGERY 


T horacic anaesthesia offers a number of anaes- 
thetic challenges: 


m Control of the airway during bronchoscopy. 

m Protection of the airway in patients with oesoph- 
ageal disease, lung abscess, bronchopleural fistula 
or haemoptysis. 

= Positioning a double-lumen tracheal tube to 
maintain safe anaesthesia in the lateral position 
with the chest opened and one lung collapsed. 

m Postoperative care of a patient after lung tissue 
resection. 


In common with major surgery at other sites, 
thoracic patients frequently: 


m have parenchymal lung disease in addition to 
their presenting complaint 

m experience severe pain after surgery 

m are at risk of substantial haemorrhage 

m need fluids intravenously after surgery. 


Diagnosis, staging and resection of intrathoracic 
malignant disease occupy a large part of thoracic surgical 
practice. There is also a need for drainage and oblitera- 
tion of an expanded pleural space to remove infection, 
or to prevent lung collapse and re-accumulation of air 
or liquid in the pleural space. Resection of bullous lung 
disease may improve the respiratory mechanics of the 
chest if there is parenchymal lung disease elsewhere. 


PREOPERATIVE ASSESSMENT 


History and Examination 


Thoracic patients often exhibit respiratory symptoms 
of cough, sputum, haemoptysis, breathlessness, wheeze 
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and chest pain, or oesophageal symptoms of dysphagia, 
pain and weight loss. Other common chest features in- 
clude hoarseness, obstruction of the superior vena cava, 
pain in the chest wall or arm, Horner’s syndrome, cya- 
nosis and pleural effusion. Lung tumours may cause ex- 
trathoracic features by metastatic spread, principally to 
brain, bone, liver, adrenals and kidneys, or by endocrine 
effects such as finger clubbing, hypertrophic pulmonary 
osteoarthropathy, Cushing’s syndrome, hypercalcaemia, 
myopathies (e.g. Eaton—Lambert syndrome), sclero- 
derma, acanthosis and thrombophlebitis. Anaemia, car- 
diac disease and lung disease may cause breathlessness. 

To distinguish between loss of lung tissue and re- 
versible airways disease, the patient’s own history of 
daily activity may reveal diurnal variation in breath- 
lessness and associated symptoms of sputum, stridor 
and wheeze. Symptoms may conflict with the results 
of pulmonary function tests, which require voluntary 
effort, if the tests have been performed ineffectively. 
Wheeze during expiration and stridor during inspira- 
tion are likely to result from airway obstruction below 
and above the thoracic inlet, respectively. 

Production of sputum is the most common stim- 
ulus to cough, which is therefore almost universal in 
cigarette smokers. A dry cough may result from tu- 
mour or external compression of the upper airways. 
Oesophageal tumours are associated with dysphagia. 
The restriction on ingestion of food exacerbates the 
cachexia of malignant disease. At induction of anaes- 
thesia, patients are at risk of regurgitation of food and 
secretions from above the oesophageal obstruction. 

Preoperative features of weight loss, protein-calorie 
malnutrition and hypoalbuminaemia make postop- 
erative pulmonary infection, multi-organ failure and 
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delayed wound healing more likely. Patients with pre- 
existing chronic lung disease are more likely to suffer 
postoperative pulmonary complications. Cyanosis may 
result centrally from intrapulmonary shunting caused 
directly by diseased tissue or because of lung collapse 
consequent to proximal airway obstruction. Peripheral 
cyanosis is possible in the face and arms if the superior 
vena cava becomes obstructed by mediastinal spread. 

Many major thoracic surgical procedures are pre- 
ceded by rigid bronchoscopy which requires clinical 
assessment of upper airway patency at the preopera- 
tive visit. Forced ventilatory effort by the patient may 
elicit stridor or wheeze, and palpation of the neck and 
inspection of the airway demonstrated on chest radio- 
graph may reveal tracheal abnormality. 


Differential Diagnosis 


Preoperative investigations are required to confirm 
a diagnosis and stage the disease, in order to assess 
whether the disease is resectable. Tumours are staged by 
assessing the spread of the primary tumour, presence of 
local lymph node spread and distant metastases (TNM 
staging). Further tests to assess physiological reserve are 
required to determine if the patient is operable. 


Investigations 


A variety of preoperative investigations are performed 
to determine resectability. The chest radiograph may 
reveal changes months before symptoms are manifest. 
Of symptomatic patients, 98% have chest radiograph 
abnormalities. Lung tumours are central in 70% of pa- 
tients and may show collapse or cavitation more pe- 
ripherally in the lung. Tumours are commonly 3—4 cm 
in size by the time of presentation. Other features in- 
clude tracheal deviation, obstruction of the superior 
vena cava, pleural effusions and air-filled cavities. 

Tumour diagnosis and staging involve sputum cy- 
tology, bronchoscopy, needle biopsy, mediastinoscopy 
and mediastinotomy. Computed tomography (CT) 
and magnetic resonance imaging (MRI) of the chest 
may reveal the spread of disease. Biochemistry, bone 
scans and ultrasound scans of the abdomen may detect 
metastatic disease. Barium studies and oesophageal ul- 
trasound are similarly able to diagnose and stage carci- 
noma of the oesophagus. 

Investigations are used to quantify physiological 
reserve by measuring mechanical and parenchymal 


function, and cardiopulmonary interaction. Assessment 
should be on physiological reserve rather than chron- 
ological age. Rather than to deny surgery to patients, 
this is done to allocate resources to borderline pa- 
tients to minimize their postoperative complications. 
Investigations to diagnose lung collapse, oedema, infec- 
tion and bronchospasm allow patients to be presented 
in the best possible state on the day of surgery. 


Whole-Lung Testing 


Spirometry using voluntary effort, pulse oximetry and 
arterial blood gas tensions breathing air are influenced 
by the function of the whole lung. 

Mechanical testing. Spirometry tests only the me- 
chanical bellows function of the lung. Testing relies on 
voluntary effort and effective technique by the patient. 
From total lung capacity, the patient exhales to residual 
volume to measure the forced vital capacity (FVC). This 
is reduced in restrictive lung disease, such as cryptogenic 
alveolar fibrosis. The volume of gas exhaled forcibly in 
the first second gives the forced expiratory volume in 
1s (FEV, ). By definition, FEV, measures function when 
the lung is expanded well. In health, patients can ex- 
hale 70-80% of their vital capacity in 1s, the FEV,%. 
The remainder of the vital capacity may take another 
2s to exhale. With obstructive lung disease, the FEV % 
is reduced below 70% and the time taken to exhale the 
vital capacity is prolonged. The FEV ,% of patients with 
restrictive lung disease is preserved, although the abso- 
lute value of FVC, and therefore the volume exhaled in 
1s, is reduced. Values of 2 L for FVC and 1.5L for FEV, 
offer a lower limit when screening for pneumonectomy. 
An FEV, of 1.0L is cautionary for single lobectomy be- 
cause a whole-lung FEV, >800mL after surgery is re- 
quired to avoid dependence on mechanical ventilation. 

Predicted postoperative (PPO) lung function may 
be calculated using lung segments. From a total of 19 
segments (three in the upper lobes, two in both the 
middle lobe and lingual and four in the left and five 
in the right lower lobes; Fig. 33.1), the fraction of lung 
remaining is multiplied by the preoperative spirom- 
etry measurement to give the predicted postoperative 
measurement of spirometry (PPO FEV, = preoperative 
FEV, x (1-— (resected segments/19))). Using whole-lung 
spirometry to predict postoperative lung function may 
be invalidated if the regional function of the lung is not 
known. For example, a patient with an FEV, of 1.5L 


wy 


Anterior view 


A Left 


B Medial view 


FIGURE 33.1 Bronchopulmonary segments. 


may have the same or better FEV, after lobectomy if the 
main bronchus of the affected lobe was occluded com- 
pletely at the time of testing before surgery. The oxy- 
genation of blood of such a patient may be improved by 
the removal of a non-functioning lung or lobe through 
which considerable right-to-left shunt existed. 
Parenchymal lung function. Arterial oxygen tension 
<8kPa or carbon dioxide tension >6kPa indicate in- 
creased risk for lung resection. The diffusing capacity 
of carbon monoxide (D,,,,) correlates with the total 
functioning area of the alveolar capillary membrane. 
Predictive postoperative values may be calculated in 
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the same way as for mechanical function. PPO Dco 
values<40% of predicted in health — normal range 
100-150 mL min“ mmHg" — correlate with increased 
postoperative respiratory complications. 

Cardiopulmonary interaction. Cardiopulmonary exer- 
cise testing requires a patient to be able to pedal a bicycle 
ergometer and breathe through a mouthpiece. Increasing 
exercise to a peak allows calculation of maximum oxygen 
uptake expressed in mLkg™ min”. Patients with VO,max 
>10mLkg"™ min” have been able to withstand lobectomy, 
whereas a PPO VO,max >15mLkg" min" is required to 
contemplate pneumonectomy. 


Regional Lung Function 


Ventilation/perfusion lung scans offer an indication 
of regional lung function. The relative contribution of 
the two separate lungs may be determined horizontally 
but regions are indicated as upper, middle and lower 
zones vertically within a lung rather than individual 
lobes or lung units. 


Invasive Assessment 


In patients with borderline lung function for whom 
surgical resection offers great prognostic advantage, the 
risks and discomfort of invasive assessment of regional 
lung function may be worth the information obtained 
about likely residual function after surgery. Balloon oc- 
clusion of a main pulmonary artery before surgery or 
clamping a pulmonary artery during surgery allows 
some assessment of pulmonary artery pressures and oxy- 
genation after resection. Inadequate blood oxygenation, 
arterial carbon dioxide tension greater than 6.0kPa and 
mean pulmonary artery pressure greater than 25 mmHg 
at rest, or greater than 35 mmHg with exercise, indicate 
inadequate function and increased operative risk. 

Any intrathoracic operative procedure places an 
immediate burden on the right ventricle. Using echo- 
cardiography, magnetic resonance scanning or direct 
pressure measurement, diagnosis of a failing right 
ventricle or coexisting pulmonary artery hypertension 
may render a patient’s chest pathology inoperable. 


Treatment 


Before surgery, patients should be motivated to stop 
smoking and lose excess weight. Reversible airway 
narrowing should be treated with bronchodilators 
such as salbutamol, terbutaline, theophylline, inhaled 
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steroids or sodium cromoglycate. By giving antibiotics 
to treat chest infection, and loosening and removing 
bronchial secretions with inhaled nebulized water 
aerosols, chest physiotherapy and postural drainage, 
the incidence of pulmonary complications is reduced. 
Collapse in lung segments not intended for resection 
should be expanded, and pulmonary oedema treated 
by improving heart failure. Pulmonary hypertension 
should be treated where feasible. Overnight, stopping 
smoking improves bronchial reactivity and reduces 


Left lower bronchus 


carboxyhaemoglobin concentration. Eight weeks after 
cessation of smoking, the excessive production of mu- 
cus is reduced. This makes tracheobronchial clearance 
easier and improves small airway function. 


ANATOMY 


The bronchial tree and the views obtained when facing 
the patient are illustrated in Figure 33.2 and the bron- 
chopulmonary segments are shown in Figure 33.1. The 
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FIGURE 33.2 


Larynx, trachea, main and lobar bronchi. 


trachea leads from the cricoid cartilage below the larynx 
at the level of the sixth cervical vertebra (C6) and passes 
10-12cm in the superior mediastinum to its bifurcation 
at the carina into left and right main bronchi at the ster- 
nal angle, T4/5. During inspiration, the lower border of 
the trachea moves inferiorly and anteriorly. The trachea 
lies principally in the midline, but is deviated to the right 
inferiorly by the arch of the aorta. The oesophagus is im- 
mediately posterior to the trachea and behind it is the 
vertebral column. The wall of the trachea is held patent 
by 15-20 cartilaginous rings deficient posteriorly where 
the trachealis membrane, a collection of fibroelastic fibres 
and smooth muscle, lies. It is wider in transverse diameter 
(20mm) than anteroposteriorly (15mm). The trachea 
passes from neck to thorax via the thoracic inlet at T2. 
The right main bronchus is larger and less deviated 
from the midline than the left. The origin of the right 
upper lobe bronchus arises laterally 2.5cm from the 
carina, whereas the origin of the left upper lobe arises 
laterally after 5cm. These dimensions determine the 
relative ease of isolating and ventilating each lung in- 
dependently using double-lumen bronchial tubes. 
The oesophagus is a continuation of the pharynx 
at the level of the lower border of the cricoid cartilage 
(C6) 15cm from the incisor teeth. It passes immediately 
anterior to the thoracic spine and aorta and descends 
through the oesophageal hiatus of the diaphragm at 
T10, to the left of the midline at the level of the seventh 
rib. There are four slight constrictions, at its origin, as it 
is crossed by the aorta and left main bronchus, and at 
the diaphragm, at 15, 25, 27 and 38cm from the incisors. 


Radiographic Surface Markings 


The apices of the lungs extend 2.5cm above the point at 
which the middle and inner thirds of the clavicle meet. 
Lung borders descend behind the medial end of the clav- 
icle to the middle of the manubrium. The lung border is 
behind the body of the sternum and xiphisternum before 
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sweeping inferiorly and laterally down to the level of the 
eleventh thoracic vertebra. On the left, at the level of 
the horizontal fissure at the fourth costal cartilage (T7), 
the medial border of the lung is displaced to the left 
of the sternal edge in the cardiac notch. The oblique fis- 
sure descends from 3 cm lateral to the midline at T4, infe- 
riorly and anteriorly to the sixth costal cartilage 7 cm from 
the midline. The diaphragmatic reflection of the pleura 
extrudes below the lung to the lower border of T12. 


INDUCTION AND MAINTENANCE 
OF ANAESTHESIA 


All currently available anaesthetic agents have been 
used for thoracic surgery. They are used to maintain 
anaesthesia and haemodynamic stability during the pro- 
cedure, while allowing the patient to breathe spontane- 
ously in reasonable comfort immediately after surgery 
is complete. Large doses of i.v. opioid drugs are unlikely 
to achieve all these aims. Thoracic surgery patients may 
demonstrate sensitivity to drugs used in anaesthesia be- 
cause of debility from the extent of their disease or from 
systemic effects, such as prolonged effects of neuromus- 
cular blocking drugs in patients with Eaton—Lambert 
syndrome associated with carcinoma of the bronchus. 


Lateral Thoracotomy 


Many thoracic procedures are performed through a 
posterolateral thoracotomy incision between fifth and 
eighth ribs. Patients have to be positioned on their side 
with the neck flexed, dependent shoulder brought for- 
ward and the arm raised under the pillow to protect 
the shoulder and brachial plexus. The upper shoulder 
is flexed to 90° and the arm supported. Hips and knees 
are flexed together with a pillow between the legs. 
Padding, strapping, lower leg compression devices and 
diathermy pad complete the preparation for surgery 
(Fig. 33.3). Positioning with the chest flexed laterally 


FIGURE 33.3 


Patient in right lateral position for thoracic surgery. 
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away from the operative side on a beanbag which is 
then aspirated of air, or breaking the operating table, 
may improve surgical access. The upper wrist has a 
tendency to flex, so radial artery cannulae cause less 
trouble when on the dependent side. Peripheral and 
jugular veins are more accessible on the operative side. 


The Lateral Position 


In health, with the chest erect, the right lung takes 55% 
of the pulmonary blood flow and the left lung 45%. In 
the right lateral position, the right lung takes 65% and 
the left lung 35% because of the influence of gravity. 
In the left lateral position, differences are reversed; the 
right lung takes 45% and left lung 55%. These changes 
persist under anaesthesia. However, anaesthesia does 
affect the changes to ventilation of the two lungs in 
the lateral position. Awake, there is more ventilation 
to the dependent lung; similarly, the bases receive pro- 
portionately more ventilation than the apices when the 
chest is erect. The dependent lung has a less negative 
intrapleural pressure than the upper lung and is on a 
more favourable part of the pressure-volume curve. A 
change in pressure produces a greater change in vol- 
ume in the dependent lung than in the upper lung. 
Under anaesthesia, conditions for ventilation between 
the two lungs are reversed. Functional residual capac- 
ity is reduced. With paralysis of the diaphragm, the 
mechanical advantage of the greater curve of the lower 
diaphragm is lost and the lower lung is compressed by 
the mediastinum and abdominal contents. Awkward 
positioning on the operating table may further im- 
pede the lower lung. The lower lung is now in a less 
favourable position on the pressure-volume curve and 
any change in pressure produces greater change in the 
volume of the upper lung than the dependent lung. 
Anaesthesia therefore produces much worse ventila- 
tion/perfusion mismatch in the lateral position, with 
more blood going to the dependent lung and more 
ventilation going to the upper lung. Application of 
positive end-expiratory pressure up to 10 cmH,O im- 
proves the changes in ventilation and tends to restore 
ventilation to the dependent lung. 


One-Lung Anaesthesia 
The principal indications for one-lung anaesthesia are: 


m isolation of the lungs 
m ventilation of one lung alone 


= bronchopulmonary alveolar lavage 
= collapse of one lung to allow surgical access to 
other structures. 


Isolation of a diseased lung with sepsis or haemor- 
rhage may be necessary to protect the healthy lung. 
When there is inadequate ventilation of both lungs be- 
cause of a large bronchopleural or bronchocutaneous 
fistula, a large unilateral bulla or because the compli- 
ance of two lungs is so different that they require inde- 
pendent ventilation, satisfactory oxygenation may be 
obtained by ventilation of one lung alone. Pulmonary 
alveolar proteinosis may be treated by bronchoalveo- 
lar lavage. This requires that only one lung be lavaged 
with liquid at a time, whilst the other is protected. 
Video-assisted pulmonary and pleural surgery, and in- 
trathoracic, non-pulmonary surgery such as oesopha- 
geal, aortic and spinal surgery, may require the lung to 
be collapsed to allow access to the operative structures. 

Ventilation of one lung alone may require a double- 
lumen tracheal tube (Fig. 33.4), a bronchial blocker 
(Fig. 33.5) or a bronchial tube. The double-lumen tube 
has greatest flexibility to allow changes from ventila- 
tion of two lungs to one lung then back to two lungs 
during or at the end of surgery. It allows aspiration 
of the main bronchi independently, and insufflation 
of oxygen to the non-ventilated lung. It has a larger 
external diameter than the bronchial blocker or bron- 
chial tube and may be difficult to position correctly if 
tracheal and bronchial anatomy is distorted. The two 
separate lumens are narrow and present a high resis- 
tance to spontaneous ventilation. This is overcome by 
positive pressure ventilation, but a single-lumen tube 
may have to be substituted at the end of surgery if re- 
sumption of spontaneous ventilation is not immediate. 


= 


FIGURE 33.4 Four left-sided Bronchocath double-lumen 
endobronchial tubes with balloons inflated, from 35FG 
(uppermost) to 41 FG (lowest). 


FIGURE 33.5 = A Risch 6FG bronchial blocker (360601) - 
balloon is inflated with SmL air. The balloon guard is below 
the balloon and the stem passes through the 1.8mm seal in the 
connector for the anaesthetic circuit. Luer-lock fittings (labelled 
‘balloon’) to inflate the balloon and aspirate/inflate down the 
central lumen are on the right. 


A bronchial blocker with a hollow lumen allows insuf- 
flation of oxygen, some suctioning and may be used 
with a jet ventilator, which overcomes some of the 
disadvantages of the technique. The Riisch bronchial 
blocker illustrated in Figure 33.5 has a 170cm long, 
2mm stem (outside diameter) with a central lumen to 
a 2.75 mm diameter balloon, which accepts 5 ml of air. 
It may be passed down a bronchoscope with a lumen 
greater than 2.8mm diameter or through the 15mm 
tapered connector with a 1.8mm seal shown. 


Positioning Double-Lumen Bronchial Tubes 


Double-lumen bronchial tubes provide an effective 
means of isolating each lung to protect the other from 
blood and secretions. They allow ventilation of one 
lung only, or both lungs independently. Being longer 
and with lumens more narrow than single-lumen tra- 
cheal tubes, they have a greater resistance to air flow. 
They are therefore not usually suitable for spontane- 
ous ventilation. Disposable polyvinyl chloride tubes 
(Fig. 33.6) have substantially replaced the re-usable red 
rubber Robertshaw double-lumen tubes. Sizes of tube 
in common use in adult practice range from 35 to 41 
French gauge (FG). Sizes 37—39 are usually suitable for 
men and 37 for women, but sizes 41 and 35 are avail- 
able for individuals at extremes of the range of adult 
build. Left- and right-sided versions of double-lumen 
bronchial tubes are necessary (Fig. 33.6) because the 
tracheal portions are curved antero-posteriorly, and 
the balloon of the right bronchial tube is fenestrated to 
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ae à 
FIGURE 33.6 ™ Left (upper) and right (lower) 39 FG double- 
lumen bronchial tubes are shown with a flexible introducer, 
which may be used to shape the tube to facilitate insertion. 


gt 
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FIGURE 33.7 Bronchial balloons inflated on left-sided 
(left) and right-sided (right) bronchial double-lumen tubes. 
The right tube is eccentric and shows the side lumen to allow 
inflation of the right upper lobe. 


conduct gases to the right upper lobe bronchus, which 
would otherwise be occluded by the cuff of the tube 
(Fig. 33.7). The left upper lobe bronchus arises 2.5 cm 
further down the main bronchus than the right, so it 
is less likely to be occluded by the balloon of the bron- 
chial tube. 

Positioning a double-lumen bronchial tube cor- 
rectly is a skill learned quickly with practice. The task 
is usually straightforward, but however experienced 
the anaesthetist, great difficulties may be encoun- 
tered in some patients. An incorrectly positioned 
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double-lumen bronchial tube may rapidly compromise 
the supply of oxygen to the lungs during thoracic 
surgery, with disastrous results. The correct position 
of double-lumen bronchial tubes may be assessed by 
clinical technique or confirmed using an intubating 
fibreoptic laryngoscope. 


Clinical Assessment 


The patient lies supine on a level operating table with 
the head supported on a single pillow pulled clear of 
the shoulders to flex the neck and extend the head. 
After induction of anaesthesia and muscle relaxation, 
the larynx is identified by laryngoscopy. The double- 
lumen bronchial tube is held at 90° to its eventual ana- 
tomical position on the non-operative side, to align 
the curve of the bronchial lumen anteroposteriorly. 
The bronchial lumen is passed between the cords until 
it rests within the trachea. The double-lumen bron- 
chial tube is then rotated 90° back to point the bron- 
chial lumen towards its intended bronchus. The head 
is turned away from the side of the bronchial lumen 
and the double-lumen bronchial tube advanced gently 
until resistance is encountered and the bronchial tube 
is thought to be in the correct position. The tracheal 
cuff is then inflated and the lungs ventilated manually 
through both lumens of the tube. Visible movement 
of both sides of the chest, detection of a recognizable 
trace of exhaled carbon dioxide, breath sounds auscul- 
tated in both axillae and an unchanging pulse oximeter 
reading reassure the anaesthetist that oxygen is being 
supplied to the lungs. Difficulties encountered whilst 
isolating individual lungs may be addressed after re- 
turning to this position of control. 

The tracheal lumen of the breathing circuit is 
then clamped and the breathing system distal to the 
clamp opened to air. Breath sounds are confirmed 
on the bronchial side. Two or more millilitres of air 
are then injected into the bronchial cuff until the leak 
of air from the tracheal tube is no longer audible or 
palpable, and breath sounds auscultated over the side 
opposite to the bronchial lumen cease. The tracheal lu- 
men is then closed, and the clamp is released and ap- 
plied to the bronchial system; the circuit is opened and 
the procedure is repeated to confirm that chest move- 
ment and air entry occur to the tracheal side and not 
the bronchial side and that there are no air leaks from 
the anaesthetic system. The double-lumen bronchial 


tube is then secured with a tracheostomy tape at the 
teeth by a clove hitch, and the tube tie is knotted round 
the neck by a bow to enable its release quickly when 
required. 

During volume controlled ventilation, when each 
lumen of the double-lumen tube (DLT) is clamped, 
there should be a detectable increase in airway pres- 
sure during the breathing cycle when the tidal volume 
is directed down one lung. The peak airway pressure 
may then be controlled below 30 cmH,O by reducing 
the tidal volume and increasing the ventilatory rate 
while maintaining the minute volume of ventilation. 
If there is no change on the ventilator or airway pres- 
sure gauges when one lumen of the tube is clamped, 
the bronchial lumen is likely to end in the trachea or 
else there is a substantial leak past the bronchial cuff. 
The position of the DLT should always be re-checked 
after the patient has been subjected to any changes in 
position, e.g. from supine to lateral. 


Using the Fibreoptic Intubating Laryngoscope 


Confirming the correct position of a double-lumen 
bronchial tube using a fibreoptic intubating laryngo- 
scope should avoid problems encountered by malposi- 
tion of the DLT. However, if parenchymal lung disease 
is so extensive that one lung is insufficient to keep 
tissues oxygenated, if pneumothorax develops on the 
side of the ventilated lung or if the double-lumen tube 
is subsequently dislodged, problems with ventilation 
and oxygenation may still be encountered. 

Positioning the double-lumen tube often leaves the 
orifice of the right upper lobe bronchus covered by the 
tip of the bronchial tube (Fig. 33.8). 


m The tracheal cuff is then deflated, the laryngo- 
scope is held fixed relative to the patient and the 
double-lumen tube advanced. The blue bron- 
chial cuff then occludes sight of the orifice of the 
right upper lobe bronchus until the side hole in 
the bronchial cuff lies over it. Sight of bronchial 
rings of the right upper lobe bronchus confirms 
the correct position of the double-lumen bron- 
chial tube (Fig. 33.9). 

The double-lumen tube is then held firm and 
the bronchial cuff inflated with 2mL of air. 
Uninterrupted sight of the right upper lobe 
bronchus confirms that this manoeuvre has not 
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FIGURE 33.8 ™ Distal opening of bronchial lumen at FIGURE 33.10 ™ Distal opening of bronchial lumen at 


12 o’clock shows right middle and lower bronchi. The side 3 o’clock shows right lower and middle lobe bronchi. The dark 
opening of the bronchial lumen at 7 o’clock is against the colour at 9 o’clock is the bronchial lumen cuff. The patient 
wall of the right main bronchus and is not over the right is lying on the right. Orientation: left, cephalad; upper, left; 
upper lobe bronchus. The patient is lying on the right. right, caudad; lower, right. 


Orientation: left, cephalad; upper, left; right, caudad; 
lower, right. 


moved the side hole of the bronchial tube relative to 
the bronchus. The bronchi to the right middle and 
lower lobes may be seen through the distal lumen 
of the bronchial tube (Fig. 33.10). Withdrawing the 
intubating laryngoscope may give a view of the ori- 
gins of all three lobar bronchi (Fig. 33.11). 

= The double-lumen tube is then held against 
the teeth or gums of the maxilla, the mark on 
the tube there is noted and the laryngoscope is 
removed from the bronchial lumen. Without 
moving it, the tube is tied with a clove hitch over 
this mark and the tube tie tied round the neck 
with a bow. 

m The tracheal cuff is then inflated with 5 mL of air 
and the fibreoptic laryngoscope is passed down 
the tracheal lumen until the carina is identified 
again. The bronchial lumen is seen to pass down 
the correct main bronchus and the bronchial cuff 
in its main bronchus is seen to be inflated, but 
not herniating to impinge over the lumen of the 
other main bronchus (Fig. 33.12). 


FIGURE 33.9 ™ The double-lumen tube has been repositioned 
so that the side opening of the bronchial lumen at 6 o’clock is 
now over the right upper lobe bronchus. The patient is lying on : 
the right. Orientation: left, cephalad; upper, left; right, caudad; m The laryngoscope is removed from the tracheal 
lower, right. lumen and both lungs are ventilated. 
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FIGURE 33.11 = The intubating laryngoscope is withdrawn 
to show the right middle and lower lobe bronchi through 
the distal opening at 12 o’clock and the right upper lobe 
bronchus through the side opening at 6 o’clock. The patient 
is lying on the right. Orientation: left, cephalad; upper, left; 
right, caudad; lower, right. 


FIGURE 33.12 = The intubating laryngoscope has been 
passed down the tracheal lumen. The carina passes from 
2 o’clock anteriorly to 6 o’clock posteriorly. The left main 
bronchus is to the left at 10-12 o’clock. On the other side of 
the carina, the dark crescent confirms that the inflated bron- 
chial cuff is not herniating over the left main bronchus and the 
bronchial tube to the right of the cuff passes down the right 
main bronchus. The patient is lying on the right. Orientation: 
left, cephalad; upper, left; right, caudad; lower, right. 


= Bronchial and tracheal lumens are clamped in 
turn, observing airway pressures, leaks and the 
extent of ventilation of each lung. 


The fibreoptic bronchoscope is necessary to posi- 
tion bronchial blockers through an endotracheal tube. 
Once inflated in position, gas can be aspirated through 
the central channel of the blocker to hasten collapse of 
the operative lung. When deflated, blockers have a pro- 
pensity to move and may need to be rechecked using 
bronchoscopy when re-inflated. Blockers can achieve 
segmental collapse, leaving other parts of the lung still 
performing gas exchange. 

Passing a suction catheter down the bronchial lu- 
men before starting removes secretions faster than is 
possible through the suction port of the fibreoptic 
intubating laryngoscope. Lubrication of the laryngo- 
scope with water-soluble jelly aids its passage down 
both lumens and prevents the tube being dislodged 
when the laryngoscope is withdrawn. A bottle of ir- 
rigation fluid aspirated through the suction port helps 
to prevent it being blocked by encrusted aspirate be- 
fore there is an opportunity to clean the laryngoscope. 

Clinical testing is specific — a problem detected with 
the position of the bronchial double-lumen tube is likely 
to predict a real problem if left uncorrected before surgery 
begins. However, it is not sensitive. Inadequate isolation 
of one lung and excessive airway pressures may be en- 
countered after apparently successful positioning of the 
tube. Correct alignment of the fenestration in the bron- 
chial cuff over the origin of the right upper lobe bronchus 
is particularly difficult to predict by clinical means alone, 
but demonstrable using fibreoptic bronchoscopy. 


Mode of Ventilation 


Breathing spontaneously through a surgical thoracot- 
omy wound causes the same problem as trauma pa- 
tients experience with a large open chest wound. The 
pleural space with the chest open is at atmospheric pres- 
sure. During inspiration, gas flows from trachea and 
lung in the open chest into the dependent lung. During 
expiration, the flow is reversed, causing the lung in the 
open chest to inflate. Gas is transferred from lung to 
lung during the paradoxical ventilation of the lung in 
the open chest, preventing excretion of carbon dioxide 
and rendering gas inspired into the dependent lung hy- 
poxic. An occlusive dressing over the chest, or isolation 
of the lung in the open chest with a blocker or bronchial 
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double-lumen tube, may stop paradoxical ventilation 
of the lungs. Both devices increase the resistance to gas 
flow to the dependent lung, and so mechanical one-lung 
ventilation is usual during thoracic surgery. 


Physiological Changes 


With one lung perfused but not ventilated, a substan- 
tial right-to-left shunt should produce significant hy- 
poxaemia. Because of the greater solubility of carbon 
dioxide and its more linear dissociation curve, the gra- 
dient from arterial to alveolar partial pressure of car- 
bon dioxide is smaller than that for oxygen. Increasing 
alveolar ventilation of the ventilated lung reduces 
arterial carbon dioxide tension without substantially 
increasing arterial oxygen tension. Because of the flat 
portion of the oxygen dissociation curve when hae- 
moglobin is fully saturated, a further increase in alveo- 
lar oxygen tension results in only a small increase in 
oxygen content in solution, and has no effect on the 
oxygenation of the blood in the non-ventilated lung. 
Consequently, a high inspired oxygen fraction does 
not improve hypoxaemia caused by right-to-left shunt. 

The severity of hypoxaemia observed is much less 
than that expected if regional perfusion remained 
unchanged. The lateral position directs more blood 
to the dependent lung due to gravity. In the non- 
ventilated lung, alveolar hypoxia results in increased 
vascular resistance, which directs more blood to the 
dependent ventilated lung, further reducing shunt 
and hypoxaemia — hypoxic pulmonary vasoconstric- 
tion (HPV). HPV is impaired by anaesthetic agents. 
However, in clinical practice, there are other com- 
pensatory mechanisms in the intact human lung to 
reduce shunt. 

HPV has no effect if the alveolar oxygen tension is 
either 100% or 0%, or if the alveolar oxygen tension is 
the same throughout all lung units. It is more likely to 
have an effect with the 20-30% of cardiac output which 
shunts through the non-ventilated lung during one- 
lung anaesthesia. HPV effects are also maximal when 
pulmonary artery pressures and mixed venous oxygen 
saturation tensions are normal. The results of exces- 
sively high or low pulmonary artery pressures exceed 
the marginal changes in pulmonary artery pressures 
obtained by HPV. Similarly, an abnormally low mixed 
venous oxygen tension caused by low cardiac output or 
high oxygen consumption, for example by hyperthermia 
or shivering, has a greater influence than any changes 


possible with HPV. High peak and end-expiratory ven- 
tilation pressures in the dependent lung increase its pul- 
monary vascular resistance and overcome any benefits 
of HPV in the non-ventilated lung. Excessive alveolar 
pressures may increase dead space by producing a re- 
gion of lung which is ventilated but not perfused. 

Volatile anaesthetic agents and pulmonary vasodi- 
lators such as glyceryl trinitrate, sodium nitroprusside, 
isoprenaline, dobutamine and nitric oxide have been 
shown to inhibit HPV. However, there are far more 
variables clinically than in the controlled conditions 
of the experimental laboratory bench. Poor position- 
ing of the patient which compromises blood flow to the 
dependent lung, malposition of a double-lumen bron- 
chial tube, low cardiac output caused by inadequate 
blood volume replacement or impediment to blood 
flow by surgical manipulation may have a greater influ- 
ence on hypoxaemia than the effects of changes in HPV. 

Hypoxaemia during one-lung anaesthesia may be 
minimized by: 


m correct positioning of the bronchial tube 

m increasing inspired oxygen concentration to 50% 

m a tidal volume of 5-7 mLkg"™ or less to avoid in- 
creasing dead space 

m positive end-expiratory pressure of no more than 
5-10 cmH,O to minimize dependent lung col- 
lapse without increasing vascular resistance 

m maintaining cardiac output and pulmonary ar- 
tery pressures near the normal range. 


Insufflation of oxygen to the non-ventilated lung 
either at atmospheric pressure or with continuous 
positive alveolar pressure of 5 cmH,O should avoid the 
need for pharmacological intervention such as inhaled 
nitric oxide to the ventilated lung. When the pulmo- 
nary artery is clamped during lung resection, the ad- 
equacy of gas exchange should be reassessed. The loss 
of shunt through diseased lung tissue may improve oxy- 
genation and result in better function than expected 
after removal of lung tissue. 


ANAESTHESIA FOR THORACIC 
SURGERY PROCEDURES 


Rigid Bronchoscopy 


Rigid bronchoscopy in thoracic surgery is performed 
most often to obtain tissue diagnosis and determine 
if a lesion may be resected. Other indications include 
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removal of foreign bodies and secretions, and control 
of haemorrhage. Therapeutic procedures such as laser 
therapy, tracheal or bronchial stenting and alveolar la- 
vage may be performed through a rigid bronchoscope. 

Anaesthesia should permit the passage of a straight 
rigid bronchoscope of up to 9mm external diameter, al- 
low oxygenation and removal of carbon dioxide, avoid 
awareness, and control movement, coughing and reflex 
haemodynamic responses to mechanical stimulation 
of the tracheobronchial tree. This may be achieved by 
spontaneous ventilation, apnoeic oxygenation or, more 
usually, positive pressure jet ventilation. Spontaneous 
ventilation avoids inhaled foreign bodies being propelled 
more distally into the bronchial tree. However, it offers 
much less control than when neuromuscular blockade 
is used, and anaesthesia sufficient to cause respiratory 
depression is required to control reflex responses to 
bronchoscopy. Apnoeic oxygenation may be achieved 
by delivering oxygen into the conducting airways by a 
catheter and relying on diffusion down a concentration 
gradient from oxygenated airways to the alveoli, where 
oxygen is absorbed continuously. Although effective 
in maintaining oxygenation measured by pulse oxim- 
etry, arterial carbon dioxide tension increases by about 
0.5kPa min”. Using apnoeic oxygenation, enough time 
may be available to complete the surgical procedure, but 
eventually, assisted or spontaneous ventilation has to re- 
sume to ventilate the alveoli. 

Positive pressure ventilation may be performed by 
intermittent occlusion of the bronchoscope or, more 
conveniently, by high-pressure jet ventilation using a 
Sanders Venturi technique. Oxygen at 400kPa is re- 
leased by a trigger held by the anaesthetist through 
a narrow orifice of 18-14 gauge. The gas is directed 
through the jet at the operator end of the broncho- 
scope towards the patient end. The high-pressure jet 
entrains atmospheric air and inflates the chest. Care 
must be taken to avoid pulmonary barotrauma by 
limiting delivery of oxygen under pressure to short 
intermittent bursts according to the chest movement 
observed and ensuring that there is a large unob- 
structed opening at the observer end of the broncho- 
scope to allow gas under pressure to escape from the 
conducting airways. Oxygenation may be monitored 
by pulse oximetry. Intermittent ventilation can usually 
be restricted to times when the operator is not looking 
down the bronchoscope. 


With the patient supine, removal of the pillow or ex- 
tension of the neck by lowering the head of the operating 
table may be necessary to allow the bronchoscope to pass 
down the trachea. Antisialagogue premedication dries 
oropharyngeal secretions and aids visibility. Induction 
of anaesthesia by inhalation of a volatile anaesthetic 
agent may be necessary occasionally to confirm that 
adequate ventilation can be achieved under anaesthesia 
where there is some obstruction to the upper airways. 
Depolarizing or competitive neuromuscular blocking 
agents may be used according to the needs of the patient 
or intended procedure. Topical local anaesthetic and 
a systemic opioid with a rapid onset of action help to 
obtund the haemodynamic response to bronchoscopy. 
Intermittent positive pressure ventilation with a Venturi 
device requires a total intravenous anaesthetic technique. 

Local trauma and bleeding are the most common 
complications. Ventilation after bronchoscopy may be 
impaired by persisting effects of anaesthetic drugs, or 
compromise to the upper airway. A chest radiograph 
in the recovery room may provide early detection of 
pneumothorax or air in the mediastinum. 


Rigid Oesophagoscopy 

Fibreoptic oesophago-gastroduodenoscopy is per- 
formed usually as an outpatient procedure under 
sedation, without demands for anaesthetic assistance. 
Rigid oesophagoscopy under general anaesthesia 
presents the anaesthetist with patients who are at risk 
of aspirating gastric contents. Patients with achalasia 
may have a large volume of fetid fluid accumulated in 
their oesophagus. All oesophagoscopy patients should 
undergo rapid sequence induction with the suction 
catheter to hand and suction switched on. In patients 
with achalasia, there should be an attempt to drain 
the oesophagus before anaesthesia, which should be 
induced in a steep head-up tilt or in the left lateral 
position. 

When anaesthesia has been induced and the cuff 
of the tracheal tube inflated to protect the airway, the 
tracheal tube should be passed to the left-hand side of 
the tongue to allow the oesophagoscope to be inserted 
behind where the tracheal tube usually lies. The tra- 
cheal tube is taped or tied securely, and then held at 
all times by the anaesthetist. This prevents the tracheal 
tube being dislodged by the operator on withdrawal 
of the oesophagoscope on most occasions, and makes 
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the anaesthetist aware immediately of dislodgement of 
the tracheal tube, regurgitation of fluid into the oro- 
pharynx or requests for the tracheal cuff to be deflated 
as the oesophagoscope is passed through the cricopha- 
ryngeal sphincter. 

Manipulations to the head or neck may be required 
to pass the oesophagoscope. Damage to the teeth or 
mucosal surfaces may occur. When the oesophagoscope 
has passed down the oesophagus, anaesthesia may be 
maintained with the patient breathing spontaneously. 
At the end of the procedure, patients should be awake 
and able to cough and protect the airway before tra- 
cheal extubation, which takes place with the patient ly- 
ing on the left side with suction apparatus and trained 
assistance ready to hand as at induction of anaesthesia. 

Perforation of the oesophagus is an unusual but se- 
rious complication. Patients should have been awake 
for 1h after oesophagoscopy without complaint of 
chest discomfort and have an unchanged chest radio- 
graph before ingestion of oral fluids resumes. 


Cervical Mediastinoscopy and Anterior 
Mediastinotomy 


Both procedures are used to stage the extent of spread 
of intrathoracic malignancy or obtain a tissue diagno- 
sis. Ventilation of both lungs through a single-lumen 
tracheal tube is usually adequate and surgical access 
may be improved by resting the shoulders on a sand- 
bag and the head on a head ring. 

Analgesia after surgery may be helped by infiltra- 
tion of the wound by local anaesthetic, or transverse 
superficial cervical plexus and intercostal nerve blocks. 
Although the procedures are usually straightforward, 
there is always the potential for significant haemor- 
rhage, damage to surrounding structures and compro- 
mise to the airway from haematoma after surgery. 


Video-Assisted Thoracoscopic Surgery 


Improvements in imaging and thoracoscopic instru- 
ments have allowed more elaborate procedures than 
biopsy, such as lung resection, lung reduction surgery, 
pleurectomy and sympathectomy to be undertaken 
by video-assisted thoracoscopic surgery (VATS). The 
video image is magnified on monitors, but so too is 
movement and there is little space within the chest for 
instruments and camera lenses. A collapsed motionless 
lung may be essential, requiring one-lung anaesthesia. 


As more extensive procedures are now performed 
using VATS, so some more minor VATS procedures are 
being performed by chest physicians using pleuros- 
copy under local analgesia. 

Pain after VATS procedures is less intense and pro- 
longed than after posterolateral thoracotomy. Patients 
are much more comfortable after the chest drain is 
removed than thoracotomy patients at the same stage 
after surgery. A single paravertebral block at the level 
of the chest drain and intercostal incisions with 20 mL 
of bupivacaine 0.5% followed by oral analgesia may 
be sufficient to allow patients to take deep breaths and 
cough after thoracoscopic surgery. 


Pulmonary Lobectomy 


One-lung anaesthesia allows dissection in a field 
disturbed only by the movement of the mediastinum. 
Inflation of the lung temporarily may help to identify 
the lung fissures. Passive insufflation of the collapsed 
lung either through a suction catheter or with 5 cmH,O 
continuous positive airways pressure may augment 
oxygenation achieved by one-lung anaesthesia. Surgical 
traction on mediastinal structures and disturbance 
to the mediastinum by surgeons’ hands, instruments 
or retractors may cause bradycardia, interruption of 
the venous return to the heart or compression of the 
chambers of the heart. 

When the bronchial stump is closed and haemosta- 
sis has been secured, the chest may be filled with warm 
saline and the airway pressure held at 40 cmH,O to test 
the integrity of the stump. 

When chest drains are in position, re-inflation of 
the remaining lobe(s) is achieved by applying gentle 
positive pressure to the anaesthetic breathing system. 
Observing the pleural surface confirms if all super- 
ficial lung tissue is re-inflated. As the chest is closed, 
a subatmospheric pressure of 5kPa is applied to the 
chest drains via an underwater seal. A significant air 
leak through damaged lung becomes apparent imme- 
diately if the ventilator reservoir collapses or if a re- 
duction in the expired minute volume is detected by 
the ventilator alarm. The suction is then disconnected 
from the chest drains and reapplied when the patient 
resumes spontaneous breathing. Chest drains are then 
left without being clamped until the remaining lung 
has re-expanded fully, drainage has ceased and there is 
no air leak, when the chest drains are removed. 
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Pneumonectomy 


The operative lung should be collapsed as soon as skin 
disinfection and draping begin. Problems with oxy- 
genation may then be apparent early in the procedure. 
Borderline oxygenation may improve when the pul- 
monary artery is clamped and shunt through the lung 
to be resected is interrupted. Intrapericardial dis- 
sections for tumours that have extensive local spread 
pose a risk of sudden, substantial haemorrhage. After 
such dissection, cardiac herniation is a rare but serious 
cause of complications. The integrity of the stump of 
the main bronchus may be tested when the lung has 
been removed, as in lobectomy. 

When the chest is closed at the end of surgery, the re- 
maining lung is fully inflated and the chest drain to the 
pneumonectomy space is clamped. Clamps are released 
for 5min every hour to ensure that no air, blood or ex- 
cess fluid accumulates in the pneumonectomy space. 
Leaving the chest drains open continuously may lead to 
a reduction in the pneumonectomy space and the me- 
diastinum being shifted to the operative side as the re- 
maining lung becomes hyperinflated, with consequent 
respiratory embarrassment. The pleural space fills with 
serosanguinous fluid after pneumonectomy and fibro- 
ses subsequently, reducing the size of the space. 


Pleurectomy and Pleurodesis 


Recurrent pneumothorax or pneumothorax which fails 
to respond to conservative measures may require pleu- 
rectomy to re-expand the lung and prevent recurrence. 
Pleurectomy and talc pleurodesis are usually possible by 
thoracoscopy. Pain after pleurectomy is much greater 
than after diagnostic thoracoscopic procedures even 
with the same number of intercostal wounds. Patients 
may require the same analgesia as if the procedure had 
been performed via a thoracotomy wound. 


Empyema 


Patients may remain remarkably well despite a large 
collection of purulent material in the pleural space. 
Collections may arise after pulmonary infection, oe- 
sophageal rupture, or following thoracoscopy or tho- 
racotomy. Chest drainage before surgery may reduce 
the volume of pleural fluid, but organized infection has 
to be removed by open surgery. There may be consid- 
erable blood loss during decortication of an empyema. 


Lung Cysts and Bullae 


Bullae are thin-walled, air-filled cavities within the lung 
which communicate slowly with the bronchial tree. In 
the presence of bullae, there is always the potential for 
tension pneumothorax under positive pressure venti- 
lation, and the creation of a bronchopleuro-cutaneous 
fistula after insertion of a chest drain. 

Similar changes in size may occur during anaesthe- 
sia with liquid-filled cysts. There is the added risk of 
soiling parenchymal lung tissue elsewhere with the liq- 
uid should the cyst rupture. 


Bronchopleural Fistula 


Although most common after lung resection surgery, 
bronchopleural fistulae may occur after acute respira- 
tory distress syndrome (ARDS), or any intrathoracic 
sepsis. The chest should be drained before induction 
of anaesthesia to reduce the amount of purulent fluid 
in the chest cavity and avoid the prospect of tension 
pneumothorax. Anaesthesia should be induced with 
the affected side dependent, followed by prompt bron- 
chial intubation of the main bronchus on the unaf- 
fected side, in order to isolate the healthy lung from 
contamination by purulent secretions from the af- 
fected side. After turning, one-lung ventilation allows 
surgery on the affected side. Should there still be lung 
tissue on the affected side, high-frequency jet ventila- 
tion can keep lung tissue inflated and ventilated in the 
presence of a large air leak, with mean intrathoracic 
pressures lower than with conventional intermittent 
positive pressure ventilation. 


Tracheal Surgery 


Unless cardiopulmonary bypass is used, there must be 
a changing sequence of means of ventilating the lungs 
during surgery, and measures to keep the neck flexed 
after surgery to avoid tension on the tracheal repair be- 
fore it heals. Carinal surgery is one of the few remain- 
ing indications for a single lumen endobronchial tube. 

Until the tracheal lesion is resected, airway ob- 
struction must be overcome during the early stages 
of anaesthesia. Maintaining spontaneous ventilation 
initially allows assessment of the adequacy of assisted 
ventilation under anaesthesia. With the lesion exposed, 
ventilation of one or both lungs through an incision in 
the trachea distal to the lesion allows resection of the 


lesion and repair of the posterior wall of the trachea. 
A narrow tracheal or bronchial tube is passed through 
the larynx beyond the anastomotic site, and must al- 
low space for repair of the anterior wall of the trachea. 
Suturing the chin to the skin over the sternum keeps 
the neck in flexion until the tracheal anastomosis heals. 


Tracheostomy 


The neck is extended by placing a sandbag under the 
shoulders and securing the head on a head ring. The 
pharynx should be aspirated when surgical dissection of 
the trachea is complete, because incision of the second 
and third tracheal rings frequently bursts the cuff on the 
tracheal tube. The tracheal tube is then withdrawn suf- 
ficiently far to allow insertion of the tracheostomy tube, 
but is not withdrawn from the trachea. This retains a 
means of ventilating the lung and a conduit into the tra- 
chea to replace the tracheal tube over a bougie if initial 
attempts to introduce the tracheostomy tube are unsuc- 
cessful. When the tracheostomy tube is positioned cor- 
rectly, it is connected to a sterile catheter mount within 
the draped area and then to the anaesthetic breathing 
system. The sandbag is removed before the neck wound 
is sutured. 

Pneumomediastinum and pneumothorax may oc- 
cur intraoperatively because of damage to the poste- 
rior tracheal wall. Haemorrhage and damage to other 
structures may occur immediately, or later as a result 
of the effects of pressure from a malpositioned trache- 
ostomy tube. 


Oesophageal Surgery 


Oesophagectomy is often preceded by oesophagoscopy 
with all the attendant risks of pulmonary aspiration. 
Thoracic approaches to the oesophagus may require 
one-lung ventilation to provide access for surgery. 
Oesophagectomy may take some hours and be associ- 
ated with considerable fluid loss into the wound and 
surrounding tissues. After surgery, effective analgesia is 
necessary to enable the patient to expand the chest and 
cough effectively. Patients should be nursed sitting or 
supported on pillows to avoid regurgitation of gastro- 
intestinal fluid and subsequent aspiration. Total paren- 
teral nutrition is not required as a routine, but may be 
necessary in the presence of postoperative complica- 
tions such as mediastinitis from an anastomotic leak. 
Judicious use of i.v. fluids after surgery is required. 
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POSTOPERATIVE CARE 


Pulmonary function is impaired after thoracic surgery 
beyond any changes expected after lung resection. 
There is a 35% reduction in functional residual capacity 
after lung resection, which takes 6—8 weeks to recover to 
preoperative values. However, thoracic surgery patients 
should be able to breathe spontaneously immediately 
after anaesthesia and surgery. A need for mechanical 
ventilation after surgery is likely to result from prob- 
lems in patient selection or during surgery and an- 
aesthesia intraoperatively. A mini-tracheostomy tube 
may be inserted through the cricothyroid membrane 
at the end of surgery, with the trachea extubated and 
the lungs ventilated through a laryngeal mask, to help 
aspiration of the trachea of patients unable to cough 
effectively. Prolonged mechanical ventilation exposes 
thoracic patients to regional lung collapse and nosoco- 
mial pulmonary infection. 

A high inspired oxygen concentration to overcome 
hypoxaemia is usually required for the first 24h after 
surgery and during sleep at night until chest drains are 
removed. Patients breathing air with a PaCO, greater 
than 6.0kPa before surgery are at increased risk of 
ventilatory failure after surgery and require oxygen 
therapy tailored to response. Most other patients ben- 
efit from oxygen 40-60% by plastic face mask or nasal 
prongs. 

The posterolateral thoracotomy wound is exceed- 
ingly painful. Untreated, each breath provokes pain. 
To minimize pain, ventilation is rapid and shallow. 
Analgesia sufficient to permit deep inspiration and 
productive coughing without respiratory depression is 
necessary to restore adequate spontaneous ventilation 
after thoracic surgery. Continuous epidural analgesia 
or, if that is contraindicated, paravertebral nerve block- 
ade is more likely to achieve these aims than systemic 
opioid analgesia. Epidural local anaesthetic or opioids, 
or mixtures of the two, may be infused through a cath- 
eter introduced between the fifth and eighth thoracic 
vertebrae, depending on the sites of wound and chest 
drains, and the size and alignment of the intervertebral 
spaces. Bupivacaine 0-15 mgh'’, or fentanyl 0-50 gh", 
alone or in combination, may be given as continuous 
infusions or background infusions with additional 
patient-controlled demands. Paravertebral block deliv- 
ering local anaesthetics through a catheter inserted at 
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the end of surgery has been demonstrated to be at least 
as effective as epidural analgesia, with fewer side-effects 
such as hypotension, urinary retention, itch and respi- 
ratory depression. 

After oesophageal surgery, oral fluids are with- 
held for some days while a nasogastric tube drains 
the stomach. After lung resection in the morning, pa- 
tients may be able to manage some food in the eve- 
ning. Intravenous fluids are required for the first 24h, 
although less is given than after other forms of ma- 
jor surgery. Maintenance fluids are restricted to avoid 
pulmonary oedema in remaining lung tissue that has 
been handled or through which there is a relatively 
increased pulmonary artery flow after lung resection. 
Ringer lactate solution 10mLkg"'h"' in theatre and 
lmLkg"h" thereafter provides maintenance fluids. 
Blood and colloid may be added to replace further 
losses and support the circulation. 

Patients are likely to be cold after thoracic surgery 
as a result of lying in theatre covered only by sterile 
drapes and with the chest open during surgery. Simple 
means to conserve heat during surgery by warming i.v. 
fluids and humidification of inspired gases, followed 
by convective warming blankets in the recovery room, 
may restore body temperature to normal soon after 
surgery is finished. 

Arrhythmias are common after thoracotomy, espe- 
cially atrial tachyarrhythmias, which may affect 9-33% 
of patients over 60 years of age. They occur often 
2-3 days after surgery and increase the risk of hypo- 
tension and stroke. Prophylaxis has proved ineffective 
and 85% resolve during hospital stay. Of the remain- 
der, almost all resolve within 2 months. 


OUTCOME 


Despite best practice and standardized protocols, pa- 
tients respond heterogeneously to thoracic surgery, in 
part due to genetic makeup. A better description of the 
influence of genomics may improve the explanation of 
risk to patients presenting for thoracic surgery. 
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SURGERY 


i n the United Kingdom and much of the developed 
world, more than half of all cardiac surgical procedures 
are undertaken to revascularize ischaemic myocardium. 
Of the remainder, surgery for acquired valvular disease, 
congenital anomalies and disorders of the great vessels 
comprise the majority. Impaired ventricular function is 
not uncommon in this group of patients, the severity 
of which may greatly affect the conduct of anaesthesia 
and surgery as well as outcome. The combination of 
underlying cardiac pathology, comorbid conditions and 
concomitant medications — such as }-blockers and an- 
giotensin converting enzyme (ACE) inhibitors — make 
many patients with cardiac disease susceptible to the 
adverse haemodynamic effects of anaesthetic agents, 
particularly peripheral vasodilatation. Regardless of the 
disease process or state, all efforts should be made to 
maintain haemodynamic stability and promote a posi- 
tive myocardial oxygen balance during anaesthesia and 
throughout the postoperative period. 

Undoubtedly, there is more equipment and tech- 
nology on show in the cardiac surgical theatre than in 
other operating theatres, and the number of staff pres- 
ent is often large. This makes familiarity with equip- 
ment and multidisciplinary team working imperative, 
as well as a specialist knowledge of cardiovascular and 
respiratory physiology. The replacement of the func- 
tions of the heart and lungs by cardiopulmonary by- 
pass (CPB) is often required, although some coronary 
surgery can be performed on the beating heart (off 
pump). Indeed, novel ‘minimally invasive’ methods 
may allow repair of various structures within the heart 
and even valve replacement or repair without CPB, 
and this is an exciting area of development. 


674 


ANAESTHESIA FOR CARDIAC 


TRENDS IN SURGICAL PRACTICE 


The 6th National Adult Cardiac Surgical Database 
Report, published in 2009 by the Society for 
Cardiothoracic Surgery (SCTS) in Great Britain and 
Ireland, provides detailed information about trends in 
UK cardiac surgical practice. Although the total num- 
ber of cardiac surgical procedures carried out in the 
UK in the period 2001-2008 increased year-on-year, 
coronary artery bypass graft (CABG) surgery pla- 
teaued at just under 23000 operations per year, 
possibly due to advances in percutaneous interven- 
tion. Coincidentally, the number of elderly patients 
undergoing cardiac surgery of all types increased such 
that patients over the age of 75 years now make up 
more than 20% of the cardiac surgical population, and 
over 5% are over 80 years of age. Despite this, crude 
mortality rates decreased significantly between 2001 
and 2008: 2.3% to 1.5% for isolated CABG; 5.2% to 
3.5% for isolated valve surgery and 8.3% to 6.1% for 
combined procedures. 


Ischaemic Heart Disease 


The concept of aorto-coronary bypass grafting for 
the relief of coronary ischaemia was conceived and 
performed in animals in the early 1900s. It was not 
until the 1960s, following development of the heart- 
lung machine and the chance discovery of coronary 
angiography, that direct revascularization of the 
ischaemic myocardium using the autologous saphe- 
nous vein (Fig. 34.1) replaced indirect therapies such 
as sympathectomy, thyroidectomy and pericardial 
poudrage. 


Conus 


SA nodal branch 


Right coronary artery 


Marginal branch 
Right posterolateral branch 


Posterior descending artery 


FIGURE 34.1 
cardiac anesthesia. Cambridge University Press.) 


Since being popularized in the late 1960s, coronary 
artery bypass grafting (CABG) has become the most 
commonly performed cardiac operation. The internal 
mammary artery is used routinely as a graft conduit, 
and there is good evidence that this provides good 
survival benefit. Complete arterial revascularization is 
possible using arteries such as the radial and epigastric 
arteries. Improved surgical techniques have increased 
the popularity of off-pump coronary artery surgery 
but its precise role remains uncertain and any advan- 
tages over surgery using CPB have not yet been proven. 
Technological advances in coronary stent technology, 
especially coated (drug eluting) stents have led to a 
huge expansion in the use of percutaneous coronary 
intervention (PCI; angioplasty, atherectomy and stent- 
ing) in the cardiac catheter laboratory. These proce- 
dures are typically performed under sedation, and 
length of stay in hospital and return to normal activi- 
ties is undoubtedly markedly improved. However, the 
long-term efficacy of stenting has recently been called 
into question, and traditional CABG, once thought to 
be in terminal decline, remains a popular procedure. 
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Diagrammatic representation of coronary arteries. (Adapted from JH Mackay and JE Arrowsmith (2012) Core topics in 


Valve Disease 


Stenosis or incompetence (regurgitation or insuffi- 
ciency) most commonly involves the mitral and aortic 
valves. The most common diseases are calcific degen- 
eration (causing aortic stenosis, with or without regur- 
gitation), chronic rheumatic disease (affecting mitral 
and aortic valves) and myxomatous disease (most of- 
ten causing mitral regurgitation). It should be borne in 
mind that valve dysfunction may occur as the result of 
systemic disease (e.g. carcinoid syndrome, infective en- 
docarditis) and disruption of nearby anatomical struc- 
tures (e.g. aortic regurgitation in acute dissection of the 
ascending aorta and mitral regurgitation following pap- 
illary muscle rupture). 

Surgery usually entails repair or prosthetic replace- 
ment, guided by intraoperative transoesophageal 
echocardiography (TOE). The use of bioprosthetic or 
‘tissue’ (porcine, bovine, cadaveric homograft) valves 
obviates the necessity for, and risks associated with, 
life-long anticoagulation but exposes the patient to the 
prospect of reoperation within 15-20 years. In con- 
trast, mechanical (tilting disc) valves tend to last longer 
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than bioprostheses and are therefore better suited to 
younger patients and those already anticoagulated 
for other reasons (e.g. chronic atrial fibrillation). 
Improvements in technology have led to some pros- 
theses lasting more than 20 years, especially in patients 
aged >70 years at the time of surgery. Minimally in- 
vasive transcatheter aortic valve replacement (TAVR) 
is now possible, making ‘redo’ sternotomy unnecessary 
in case of valve failure, by inserting a new tissue valve 
within the old prosthesis. 


Congenital Heart Disease 


Congenital heart disease has an incidence of 6-8 per 
1000 live births. The majority of lesions requiring sur- 
gery are repaired during childhood in specialist pae- 
diatric cardiac surgical centres. Conditions such as a 
small atrial septal defect, partial anomalous pulmo- 
nary venous drainage or a bicuspid aortic valve may 
not present until adulthood. As a result of improve- 
ments in paediatric surgical and medical care, many 
patients now survive well into adulthood, and may 
require repeat surgery or other cardiac procedures. 
Specialist grown-up congenital heart (GUCH) disease 
centres have been created to cater for the often com- 
plex needs of this group of patients. A further descrip- 
tion of these procedures is beyond the scope of this 
chapter. 


Cardiopulmonary Bypass 


The essential components of a cardiopulmonary by- 
pass (CPB) circuit (Fig. 34.2) are: 


Arterial line Venous line 


Heat 
exchanger 


Reservoir 


FIGURE 34.2 ™ Components of a cardiopulmonary bypass 
circuit. (Adapted from JH Mackay and JE Arrowsmith (2012) Core 
Topics in Cardiac Anesthesia. Cambridge University Press.) 


venous reservoir 

pump 

oxygenator 

heat exchange unit 
cardioplegia delivery system 
connecting tubes and filters. 


Full anticoagulation of the patient, typically with 
unfractionated heparin, is required to prevent coagu- 
lation in the CPB circuit caused by contact between 
the blood and the plastic components, which would 
otherwise lead to potentially lethal CPB/oxygenator 
blockage and failure. Despite anticoagulation, blood/ 
plastic contact leads to the release of a number of ac- 
tive substances which cause vasodilatation, consump- 
tion of clotting factors and fibrinolysis. These include 
cytokines, thromboxane A2 and leukotrienes, and 
they are responsible for the hypotension and increased 
bleeding associated with CPB. 

Blood from the venous side of the circulation, the 
venae cavae or right atrium, is drained by gravity to a 
venous reservoir, from where it is pumped into a gas 
exchange unit (oxygenator) where oxygen is delivered 
to, and carbon dioxide removed from, the blood. The 
blood can also be cooled or warmed efficiently at this 
point, using water pumped through a countercur- 
rent heat exchanger located within the oxygenator. 
Oxygenated or “arterialized’ blood is then delivered into 
the systemic circulation, usually via a cannula in the as- 
cending aorta. The heart and lungs are thus ‘bypassed’ 
or isolated and their function maintained temporarily 
by mechanical equipment remote from the body. Any 
blood in or around the bypassed heart (whether spilt 
or drained) may be drained and returned to the ve- 
nous (cardiotomy) reservoir for filtration, oxygenation 
and subsequent return to the circulation. 


Venous Reservoir 


A 500-2000 mL reserve of circulating volume permits 
the delivery of a constant system flow during times 
when venous drainage is inadvertently reduced or 
deliberately impeded. Clinical systems are described 
as being ‘oper’ (blood in contact with air) or ‘closed’ 
(blood in a soft, flexible container not in contact with 
air). In order to prevent air entrainment, most systems 
incorporate a critical level alarm which automatically 
stops the CPB pump if the reservoir becomes empty. 


Pumps 


Roller pumps displace blood around the circuit by 
intermittent, semi-occlusive compression of the circuit 
tubing during each rotation. Intermittent acceleration 
of the roller head can be used to produce a ‘pulsatile’ 
pressure waveform although there is little evidence 
that a more physiological flow pattern improves out- 
come. Alternatively, a centrifugal pump may be used. 
Movement of a disc at very rapid speeds (>3000 revo- 
lutions per minute) leads to exertion of gravitational 
force on blood and results in propulsion at a flow which 
is dependent on the resistance (afterload) offered by 
the arterial tubing and the patient’s systemic vascu- 
lar resistance. There is some evidence that centrifugal 
pumps cause less blood component damage and acti- 
vation, but this has not translated into improved out- 
come, and their use is usually confined to prolonged or 
complex surgery. Unlike roller pumps, which impede 
all flow when stopped, centrifugal pumps permit pas- 
sive retrograde blood flow when switched off. 


Oxygenator 


Membrane oxygenators comprise a semi-permeable 
membrane which separates gas and blood phases and 
through which gas exchange occurs. Commercially avail- 
able devices have an effective exchange area of around 
7 m? — one tenth of the alveolar surface area of an adult. 


Connecting Tubes, Filters, Manometer, Suction 


These must be sterile and non-toxic and should dam- 
age blood as little as possible. A filter should also be 
incorporated in the arterial line to remove particulate 
and gaseous emboli which would otherwise pass di- 
rectly to the aorta and cause blood vessel occlusion. 
Low-pressure suction pumps are supplied to vent 
blood collecting in the pulmonary circulation or left 
ventricle during bypass and also to remove shed blood 
from the surgical field. The blood is collected in the 
‘cardiotomy’ reservoir, filtered and returned to the 
main circuit. Cardiotomy suction causes damage to 
blood components. 


Fluid Prime 


The CPB circuit must be primed with fluid (de-aired) 
prior to use. When CPB is commenced and the patient’s 
blood is mixed with the clear fluids which prime the by- 
pass circuit, the haematocrit decreases by approximately 
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20-25%. Although oxygen content is reduced, oxygen 
availability may be increased by improved organ blood 
flow resulting from reduced blood viscosity. In some 
patients (low body weight, children or preoperative 
anaemia, when dilution would reduce the haematocrit 
to below 20%), blood may be added to the prime. In the 
normal adult, ‘clear’ primes are used almost exclusively 
(usually a crystalloid/colloid mixture). Most units have 
individual recipes for addition to the prime (e.g. man- 
nitol, sodium bicarbonate and potassium) to achieve an 
isosmolar solution at physiological pH. 


PREOPERATIVE ASSESSMENT 


In recent years, there has been a trend towards the as- 
sessment of elective patients in pre-admission clinics, 
typically one to two weeks before surgery. This allows 
routine paperwork, laboratory tests and radiological 
imaging to be completed before admission, which may 
not be until the day of surgery. Despite undergoing an 
extensive array of specialized investigations to diag- 
nose and quantify cardiac disease, there is evidence that 
a significant number of cardiac surgical patients have 
additional and hitherto undocumented pathology. 
Thorough preoperative evaluation by the anaesthetist 
remains an essential component of perioperative care. 
This should, at the very least, include confirmation of 
the documented history and symptoms, documenta- 
tion of current drug therapy, a review of the results of 
diagnostic investigations and a physical examination 
focused on the cardiovascular and respiratory systems. 


Exercise Electrocardiography 


Exercise (treadmill) testing is frequently used as a 
screening test before coronary angiography. Various 
stress protocols are used, in which a standard exer- 
cise test provokes ischaemic changes and symptoms. 
Changes in rhythm, rate, arterial pressure and conduc- 
tion are recorded. Although it has relatively low sensitiv- 
ity and specificity (60-70%) for coronary artery disease, 
it does provide some indication of effort tolerance. 


Cardiac Catheterization 


Left heart catheterization typically comprises coro- 
nary angiography, aortography, left ventriculogra- 
phy and manometry. This provides the following 
information (Table 34.1): 
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TABLE 34.1 


Cardiac Catheterization 


Technique Procedure Parameter 
Manometry Pressure measurement with catheter in aortic root and LV Aortic valve gradient 

LV end-diastolic pressure 
Angiography Coronary arteries selectively cannulated, contrast injected Coronary anatomy 


Ventriculogram 


Catheter in LV, contrast injected very rapidly 


LV size and function 
Ejection fraction 
Severity of mitral regurgitation 


Aortogram Catheter in aortic root, contrast injected 


LV, left ventricle. 


TABLE 34.2 


Measurements Obtained During Cardiac 


Catheterization 

Parameter Normal Values 
Left heart Systemic arterial/ <140/90 (mean 105) 

aortic pressure mmHg 

LV pressure <140/12 mmHg 
Right heart RA pressure <6 (mean) mmHg 

RV pressure <25/5 mmHg 

PA pressure 25/12 (mean 22) 

mmHg 
PAWP 12 mmHg 


Cardiac index 2.5-4.2 | min m? 


PVR 100 dyne s cm™ 
SVR 800-1200 dyne s cm~ 


LV, left ventricle; RA, right atrium; RV, right ventricle; PA, pulmonary 
artery; PAWP, pulmonary artery wedge pressure; PVR, pulmonary 
vascular resistance; SVR, systemic vascular resistance. 


m site and severity of coronary artery disease 
m mitral and aortic valve function 
m left ventricular (LV) morphology and function 


The efficiency of ventricular contraction (ejection 
fraction) can be estimated using the formula: 


Pe _ end - diastolic volume — end - systolic volume 
(EF) end - diastolic volume 


Right heart catheterization allows measurement 
of right heart and pulmonary artery pressures. When 


Severity of aortic regurgitation 


combined with measurements of cardiac output, these 
can be used to determine the pulmonary and systemic 
vascular resistances (Table 34.2). 


Echocardiography 


Transthoracic echocardiography (TTE) is used fre- 
quently to define cardiac anatomy and assess ven- 
tricular and valvular function. TTE is non-invasive, 
and can be performed at intervals to monitor disease 
progression and to optimize the timing of surgical 
intervention before irreversible ventricular damage 
has occurred. It may also assist planning of the type 
of intervention required. Doppler techniques allow 
recognition of the direction and velocity of blood 
flow and are valuable in the diagnosis of valvular 
disease. 

Unfortunately, TTE is of limited use in obese pa- 
tients and patients with chronic lung disease (be- 
cause of poor ultrasound windows caused by tissue 
or air). In addition, certain parts of the heart may 
not be visualized adequately because of their dis- 
tance from the probe (such as the left atrium and 
interatrial septum). Therefore, transoesophageal 
echocardiography (TOE) may be required preop- 
eratively (usually performed under sedation). TOE 
may also be indicated in mitral valve pathology to 
aid surgical decision-making between valve replace- 
ment and repair. 


Radionuclide Imaging 

By imaging the activity of an appropriate radioiso- 
tope as it passes through the heart or into the myocar- 
dium, ventricular function and myocardial perfusion 


can be assessed. Technetium images blood volume 
and can be used to demonstrate abnormal wall mo- 
tion and EF. Thallium, which is taken up by the myo- 
cardium, may be used to assess regional blood flow. 
These techniques can be used before and after exer- 
cise or pharmacologically-induced stress, e.g. dobu- 
tamine infusion. 


Computed Tomography/ Magnetic 
Resonance Imaging 


ECG-gated, multi-slice scanning, real-time motion 
and 3D reconstruction has led to the incorporation 
of CT and MRI in the preoperative assessment of 
many cardiac surgical patients. CT can demonstrate 
coronary anatomy and disease less invasively than tra- 
ditional angiography, and MRI can be used to assess 
valvular lesions, especially in complex cases or when 
previous surgery has taken place. Anatomy of the aorta 
and pulmonary arterial system can be delineated and 
parameters measured accurately, facilitating surgical 
decision-making. 


Additional Investigations 


Respiratory function tests, arterial blood gas analy- 
sis, carotid ultrasonography, creatinine clearance and 
evaluation of a permanent pacemaker or cardio-defi- 
brillator should be conducted as appropriate. 


Preoperative Drug Therapy 


Cardiac surgical patients typically take five or more 
prescription medicines for the control of symptoms 
(e.g. nitrates), cardiac risk modification (e.g. vaso- 
dilators, B-blockers) and the management of related 
conditions (e.g. hypoglycaemic agents, statins, bron- 
chodilators). Care is required to balance the risks of 
discontinuation in the perioperative against the risk of 
major adverse cardiovascular events, e.g. withholding 
antiplatelet agents such as aspirin and clopidogrel. 

B-Blocking agents. Continued administration of 
these drugs up to the time of surgery is desirable be- 
cause discontinuation may increase the risk of periop- 
erative myocardial infarction. 

Calcium antagonists have a negative inotropic ef- 
fect but, as with B-blockers, it is preferable to continue 
therapy throughout the perioperative period. 

Nitrates should be continued to prevent rebound 
angina. 
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Digitalis. In most centres, digoxin is discontinued 
24—48 h before surgery to diminish digoxin-associated 
arrhythmias after surgery. 

Diuretics should be continued until the day before 
surgery. 

Anticoagulants, including aspirin and clopido- 
grel, are usually stopped up to 1 week before surgery 
to permit platelet function to return towards normal. 
However, there is recent evidence that stopping aspirin is 
associated with increased morbidity, and it is continued 
throughout the perioperative period in many centres. 

Angiotensin-converting enzyme (ACE) inhibi- 
tors are prescribed for hypertension and cardiac fail- 
ure. They may produce significant vasodilatation and 
hypotension intraoperatively and postoperatively. 
Perioperative use varies from unit to unit; they may be 
stopped up to 1 week before surgery or continued until 
the day of operation. 

Angiotensin receptor blockers (ARBs) are used for 
similar indications to ACE inhibitors and managed 
similarly. 

Potassium-channel activators may be continued 
up to the day of operation. 


Investigations 


Blood count. Chronic anaemia (Hb <120 g L~) should 
be investigated because it is associated with blood 
transfusion and worsened outcome. Anaemia may 
predispose to excessive haemodilution during CPB. 
Iron deficiency or any other cause should be inves- 
tigated and treated before surgery if detected in ad- 
vance. Quantitative platelet or leucocyte abnormalities 
should also be excluded. 

Coagulation. Clotting studies should be performed 
before surgery. In the absence of anticoagulant ad- 
ministration, the finding of a seemingly trivial pro- 
longation of the activated partial thromboplastin time 
(APTT) should prompt further investigation because 
it may indicate the presence of a coagulopathy (e.g. 
factor IX or XI deficiency). 

Electrolytes. Serum potassium concentration 
should be within normal limits; hypokalaemia is in- 
variably associated with hypomagnesaemia. Chronic 
diuretic therapy may produce total body sodium deple- 
tion and uraemia. Raised serum concentrations of urea 
and creatinine may indicate chronic renal insufficiency 
and an increased risk of postoperative renal failure. 
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Liver function tests. Abnormal values may indicate 
congestive cardiac failure, alcohol abuse or metastatic 
malignancy. 


RISK ASSESSMENT 


Outcome from cardiac surgery has been the subject of 
intense scrutiny for the last two decades. Despite ad- 
vances in surgical techniques, anaesthesia and critical 
care, cardiac surgery still carries a finite risk of death 
and serious complications. While this risk has de- 
creased steadily over the last 10 years (<1% for isolated 
CABG or aortic valve replacement in young male pa- 
tients), outcomes vary from centre to centre, and from 
surgeon to surgeon. Although helping the patient to 
understand the benefits (symptomatic and prognostic) 


and risks of surgery during the consent process is the 
responsibility of the surgeon, it is essential that the an- 
aesthetist understands how risk is assessed so that the 
patient is not given contradictory information. 

In the late 1980s, Parsonnet and colleagues identified 
14 independent risk factors for death after cardiac sur- 
gery. The so-called Parsonnet score was adopted by many 
centres worldwide and is still in use today. However, 
most present day cardiac surgeons ‘out-perform’ 
Parsonnet, reducing the usefulness of the scoring system 
as a measure of both risk and surgical performance. The 
European System for Cardiac Operative Risk Evaluation 
(EuroSCORE), developed in the late 1990s, provides a 
more robust risk assessment, which, like its predecessor, 
can be calculated easily at the bedside (Table 34.3). The 
EuroSCORE has been validated in the UK, Europe and 


TABLE 34.3 


EuroSCORE—The European System for Cardiac Operative Risk Evaluation additive risk 
stratification model. http://www.euroscore.org. 


Factor Points 
Age Per S years or part thereof >60 1 
Gender Female 1 
Chronic lung disease Bronchodilators or steroids 1 
Extra cardiac arteriopathy Claudication, carotid stenosis >50%, abdominal aortic, limb artery or carotid 2 
surgery planned or undertaken 
Neurological dysfunction Severe effect on ambulation or function 2 
Previous cardiac surgery Pericardium opened 3 
Serum creatinine >200 pmol L” before surgery 2 
Active endocarditis On antibiotics 3 
Critical preoperative state VT, VF, cardiac massage, invasive ventilation, inotropic support, [ABP 2 
Unstable angina Angina at rest requiring intravenous nitrates 2 
LV dysfunction Moderate (LV EF 30-50%) 1 
Poor (LV EF <30%) 3 
Recent myocardial infarct <90 days 2 
Pulmonary hypertension PA systolic > 60 mmHg 2 
Emergency operation Carried out on referral, before next working day 2 
Other than isolated CABG 2 
Surgery on thoracic aorta 3 
Post infarct septal rupture 4 


VT, ventricular tachycardia; VF, ventricular fibrillation; IABP, intra-aortic balloon pump; CABG, coronary artery bypass graft; EF, ejection 
fraction; PA, pulmonary artery; LV, left ventricle. 


North America and has been shown to be predictive of 
major complications, duration of critical care stay and 
resource utilization. 

For higher risk patients, calculation of the logistic 
EuroSCORE provides a more accurate prediction than 
the simple additive score. For example, a fit 60-year-old 
man with asymptomatic critical left main stem 
coronary artery stenosis and normal LV function 
undergoing elective CABG surgery has a EuroSCORE 
predicted mortality of 1% (0.94% logistic). In contrast, 
a 75-year-old woman with poor LV function, chronic 
pulmonary disease and class IV angina undergoing 
emergency CABG surgery has a predicted mortality of 
13% (38.74% logistic). 


MONITORING 


Extensive and accurate physiological monitoring is es- 
sential throughout the perioperative period for the safe 
practice of cardiac surgery. Instrumental monitoring 
should be considered an adjunct to, rather than a re- 
placement for, routine clinical observation of the patient. 


Electrocardiograph 


The ECG should be monitored throughout the peri- 
operative period. The ideal system is one which allows 
simultaneous multiple-lead monitoring or at least 
switching between leads II and V5, for accurate iden- 
tification of ischaemia. Rate and rhythm should also 
be observed. 


Systemic Arterial Pressure 


Arterial cannulation is mandatory. It not only permits 
direct measurement of blood pressure but also facili- 
tates sampling of arterial blood for analysis. 


Central Venous Pressure 


Right-sided filling pressure should be monitored by a 
catheter placed into a central vein. In selected cases, 
a flow-directed pulmonary artery catheter (PAC) may 
be inserted at induction to monitor left heart filling 
pressure. 


Cardiac Output 


Cardiac output (CO) can be measured by thermo- 
dilution using a PAC. This, together with the deriva- 
tives of stroke work, pulmonary and systemic vascular 
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resistances and tissue oxygen flux, allows titration of 
vasoactive infusions. Modified PACs allow real-time 
measurement of CO and mixed venous oxygen 
saturation. 

CO may also be measured by techniques such as 
oesophageal Doppler and pulse contour analysis but 
these have not replaced thermodilution in routine 
practice. 


Echocardiography 


Transoesophageal echocardiography (TOE) is indi- 
cated whenever valve surgery is undertaken, in cases 
of impaired left ventricular function or when the 
underlying diagnosis is uncertain. Performed imme- 
diately before surgery, it may be used to help guide 
the surgeon in the choice of procedure (e.g. valve 
repair). In addition, it may identify lesions which 
have not been detected or diagnosed correctly dur- 
ing preoperative evaluation, and may change surgi- 
cal practice in up to 15% of cases. Immediately after 
CPB, the adequacy of surgery can be judged and the 
need for re-operation in case of failure identified. 
Abnormal motion of the ventricular wall (dyskine- 
sia or akinesia) detected at this time but not present 
before surgery may indicate myocardial ischaemia, 
prompting further surgical revascularization or ino- 
tropic support. 


Cerebral Monitoring 


Despite being available for many years, monitors of 
cerebral function and cerebral substrate (oxygen) 
delivery are rarely used during routine cardiac sur- 
gery. In recent years, however cerebral near-infrared 
spectroscopy (NIRS) has gained popularity. This 
non-invasive technique allows measurement of capil- 
lary oxygen saturation in the frontal cortex through- 
out the perioperative period, and may prompt 
titration of haemodynamic and respiratory indices 
to improve cerebral oxygen delivery or reduce con- 
sumption (cooling). The effect of such measures on 
outcomes remains unproven and the subject of ongo- 
ing research. 


Temperature 


Core temperature should be monitored in the naso- 


pharynx, which approximates to brain temperature, or 
the bladder. 
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Biochemistry and Haematology 


Facilities should be available for immediate blood gas 
analysis. Many systems also measure the concentra- 
tions of sodium, potassium, calcium, lactate, haemo- 
globin and glucose. 

Measurement of coagulation status should also 
be available. Activated clotting time (ACT) can be 
measured quickly in the operating theatre (normal = 
100-120 s), but rapid access to a central laboratory is 
required for additional testing. Thromboelastography — 
the assessment of viscoelastic changes in blood during 
clotting — may usefully assess haemostatic function at or 
near the point of care. 


Display 
ECG, pressure waveforms and a digital output of tem- 


perature, heart rate and pressures should be clearly vis- 
ible to surgeon, anaesthetist and perfusionist. 


PATHOPHYSIOLOGY 


The anaesthetist should have a clear understanding of 
the fundamental principles of cardiac and cardiovas- 
cular physiology. Accurate monitoring reveals altera- 
tions in cardiac function and permits the anaesthetist 
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to manipulate factors which ensure adequate cardiac 
output and myocardial blood supply. 

Preload and contractility determine the work per- 
formed by the heart (Fig. 34.3). In the failing heart, 
afterload determines the work expended in overcom- 
ing aortic pressure compared with that used to provide 
forward flow. Thus, cardiac output may be increased 
by increasing preload or contractility, or by reducing 
afterload. Any increases in heart rate, contractility, pre- 
load or afterload result in increased myocardial oxygen 
consumption. For this reason, augmentation of car- 
diac output by increasing preload or contractility may 
have a detrimental effect on oxygen balance. Reducing 
afterload may increase cardiac output while simulta- 
neously reducing oxygen demand. 

Adequate coronary perfusion demands the mainte- 
nance of an adequate diastolic aortic pressure. Oxygen 
supply to the myocardium occurs predominantly during 
diastole and is dependent on the gradient between dia- 
stolic aortic pressure and intraventricular pressure, and 
on the duration of diastole. The portion of myocardium 
most at risk of developing ischaemia is the left ventricular 
endocardium. Figure 34.4 illustrates how these variables 
affect oxygen supply and demand in the myocardium and 
howa satisfactory supply/demand ratio may be preserved. 


++ Contractility 


£ Normal 
=] 
S Failure 
oO 
x 
o 
o 
Preload 
oO 
£ = : Normal 
3 
Q Failing heart 
o 
x 
2 
a 
B Afterload 


Important aspects of mechanical function. LA, left atrium; LVEDP, left ventricular end-diastolic pressure; 


PCWP, pulmonary capillary wedge pressure; SAP, systolic arterial pressure; SVR, systemic vascular resistance. 
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ygen supply and demand. LVEDP, left ventricular end-diastolic 
pressure. 


Care of the patient with valvular heart disease 
depends on the type, severity and consequences of the 
valvular lesion. In general, patients with valvular heart 
disease are intolerant of extremes in heart rate. In pa- 
tients with valvular regurgitation, reducing afterload 
tends to reduce the regurgitant fraction and increases 
forward flow. In contrast, patients with valvular steno- 
sis often require increased preload and are intolerant 
of acute reductions in peripheral resistance (afterload). 
This is particularly true of patients with aortic stenosis, 
when most of the afterload to left ventricular ejection is 
caused by the stenosed valve itself. This afterload is fixed 
and cannot be reduced simply by lowering peripheral 
resistance. Vasodilatation in these patients produces 
marked hypotension and results in failure of perfusion 
of the hypertrophied myocardium with no increase in 
forward flow through the stenosed valve. Furthermore, 
diastolic dysfunction secondary to left ventricular hy- 
pertrophy dictates that the majority of ventricular fill- 
ing occurs later in diastole as a consequence of atrial 
systole. For this reason, atrial fibrillation and nodal 
(junctional) rhythms may be tolerated poorly. 


ANAESTHETIC TECHNIQUE 


There is no single preferred anaesthetic technique for 
cardiac surgery. The choice of a specific drugs is less 
important than the care with which they are admin- 
istered and their effects monitored. The techniques 
described here are suitable for standard CABG with 
cardiopulmonary bypass. Anaesthesia for off-pump 
coronary surgery may be complicated by significant 
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haemodynamic disturbances while the heart is posi- 
tioned by the surgeon and by intraoperative myocardial 
ischaemia when coronary arteries are cross-clamped 
during anastomosis of the grafts. The reader is directed 
to more specialized texts for details of management. 


Premedication 


Most patients are sedated preoperatively with either 
an oral benzodiazepine (lorazepam 2-4 mg or te- 
mazepam 20-50 mg) or intramuscular opioid (mor- 
phine 10-20 mg), with or without an antisialagogue 
(hyoscine 0.4 mg). In the particularly anxious patient, 
heavy sedation may be required to prevent increases 
in heart rate and arterial pressure before surgery. 


Induction of Anaesthesia 


All drugs and equipment should be ready and the the- 
atre and bypass circuit available for immediate use 
before the patient arrives in the anaesthetic room. 
Cross-matched blood should also be available im- 
mediately in case of rapid deterioration or surgical 
misadventure. 

Before induction, ECG electrodes should be ap- 
plied and the ECG trace displayed. Arterial and large- 
gauge venous cannulae should be inserted under local 
anaesthesia along with adequate sedation to reduce 
stress (e.g. midazolam 1-2 mg). The lungs should be 
preoxygenated. 

Induction may be achieved in a variety of ways. 
Most often, a large dose of an opioid analgesic (e.g. 
fentanyl 5-15 ug kg") is administered with a benzo- 
diazepine (e.g. midazolam 0.05—0.1 mg kg”) to obtain 
unconsciousness. Alternatively, a small dose of pro- 
pofol (0.5-2 mg kg") together with opioid or ben- 
zodiazepine may be used; consciousness is obtunded 
by an opioid in moderate dose and hypnosis is then 
produced by a small dose of an intravenous induction 
agent. An alternative is a target-controlled infusion of 
propofol with the target concentration increased in 
small steps, accompanied by an infusion of a short- 
acting opioid such as alfentanil or remifentanil. 

As consciousness is lost, a neuromuscular blocking 
drug is administered and ventilation supported when 
necessary. Almost all currently available relaxants 
have been used during cardiac surgery, although pan- 
curonium remains a popular choice. The objective is to 
undertake tracheal intubation without cardiovascular 
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stimulation and thus adequate analgesia and anaesthe- 
sia are required. A tracheal tube with a low-pressure, 
high-volume cuff should be used. Positive pressure 
ventilation is continued, usually with an oxygen/air 
mixture. Nitrous oxide, which may depress myocardial 
function and increase the volume of gaseous emboli, 
tends to be avoided in cardiac anaesthesia. 

Percutaneous cannulation of a subclavian or 
internal jugular vein is performed using a multilu- 
men catheter to allow monitoring and intravenous 
infusions. Ultrasound assistance should be used to fa- 
cilitate central vein access, and reduces complications 
associated with this procedure. The nasopharyngeal 
temperature probe and a urinary catheter are inserted. 
Mechanical ventilation is continued with a breathing 
system containing a humidifier and bacterial filter. 

Previously identified ‘high-risk’ patients, such as 
those with poor ventricular function or severe pulmo- 
nary hypertension, may require more extensive moni- 
toring, e.g. a PA catheter. In the critical or emergency 
situation, the central venous catheter can be inserted 
under local anaesthesia, and induction of anaesthesia 
can be undertaken in theatre with the full team ready 
for immediate surgery. 


Anaesthesia Pre-CPB 


After the patient is prepared and draped, the sternum 
is opened and, if required, the left internal thoracic 
(mammary) artery is harvested. Many surgeons re- 
quest discontinuation of mechanical ventilation dur- 
ing sternotomy to reduce the risk of direct injury to 
the lungs. The pericardium is then opened and the 
heart inspected. Heparin is administered (usually 300 
IU kg"), to prolong the activated clotting time (ACT). 
The target ACT depends on local protocols, but is typi- 
cally >400 s. The surgeon then places cannulae in the 
aorta and the vena cava. Cannulation is commonly 
undertaken via the right atrium into the inferior vena 
cava using a two-stage cannula, allowing drainage of 
both lower body (IVC) and upper body (right atrium). 
Alternatively, if the heart chambers are to be opened 
(for example when mitral valve surgery is scheduled), 
the cavae are cannulated separately. 

The goals of haemodynamic management are to 
maintain a stable heart rate and arterial pressure dur- 
ing this period, particularly at moments of profound 
stimulation, notably skin incision, sternotomy and 


sternal retraction. If a technique based on opioids or 
volatile anaesthetics has been chosen, additional an- 
algesia or inhalational anaesthesia should be given 
before stimulation. Alternatively, the opioid infusion 
rate can be increased temporarily as necessary, per- 
haps accompanied by increased target concentrations 
of propofol. The tendency of isoflurane to produce 
a ‘coronary steal’ (the diversion of blood away from 
ischaemic muscle) is considered not to be of clinical 
importance. There is evidence that volatile anaesthetic 
agents increase myocardial tolerance to ischaemia by a 
mechanism known as preconditioning thought to be 
mediated via ATP-dependent potassium channels. 

If arterial pressure decreases during the period be- 
fore institution of CPB, small doses of a vasoconstric- 
tor (e.g. metaraminol or phenylephrine 250-500 ug) 
may be administered. A mean arterial pressure (MAP) 
sufficient to allow vital organ perfusion should be 
maintained. This will obviously depend on the indi- 
vidual patient, but in most patients MAP >70 mmHg 
is sufficient. During aortic cannulation, hypertension 
should be avoided to reduce the risk of aortic dis- 
section. Many surgeons request a maximum MAP 
at this delicate point in the procedure (typically 
MAP <70 mmHg). Manipulation of the arterial 
pressure is required at frequent intervals to achieve 
a number of different goals. 


Cardiopulmonary Bypass 


Two factors complicate the provision of anaesthe- 
sia during CPB. First is the impact of haemodilu- 
tion, hypotension, non-pulsatile blood flow and 
hypothermia on the pharmacokinetics of anaesthetic 
agents. Second is the inability to administer volatile 
inhalational agents via the lungs — mechanical venti- 
lation is discontinued when full pump flow is reached 
and ventricular ejection ceases. Temporary loss of the 
lungs as a route for drug administration can be cir- 
cumvented by use of total intravenous anaesthesia or 
the addition of a volatile agent to the CPB oxygenator 
‘sweep’ gas. 

Surgery is usually preceded by placing an aortic cross 
clamp proximal to the arterial cannula to isolate the 
coronary circulation. During CABG surgery, the distal 
anastomoses are usually fashioned first and the cross- 
clamp then removed to permit restoration of myo- 
cardial perfusion. Application of a side-biting aortic 


clamp then allows the proximal (aortic) anastomoses 
to be fashioned without interfering with perfusion of 
the native coronary arteries. 


Myocardial Preservation 


Most surgical techniques require that the heart be 
immobile. During CPB, the aorta is cross-clamped 
between the aortic cannula and the aortic valve, thus 
isolating the heart from the flow of oxygenated blood. 
Ischaemic damage to the myocardium can be reduced 
by hypothermia and the institution of diastolic car- 
diac arrest. The latter is typically achieved by instill- 
ing 500-1000 mL of crystalloid cardioplegic solution, 
often mixed with the patient’s blood, into the coronary 
arteries. Many cardioplegic solutions are available; 
the majority contain potassium and a membrane- 
stabilizing agent, such as procaine. 

Myocardial cooling is achieved by using ice-cold 
cardioplegia and by pouring cold saline (4°C) into the 
pericardial sac. Depending on surgical preference, the 
patient may also be cooled systemically. This is most 
often carried out when more complex or prolonged 
surgery is proposed, to allow better organ preserva- 
tion due to reduced metabolic rate. Administration of 
cardioplegia is usually repeated at regular intervals, for 
example every 20-30 min. 


Perfusion on Bypass 


At normothermia, a pump flow of 2.4 L min! m” of 
body surface area is required to prevent inadequate per- 
fusion of the tissues. Mean systemic (arterial) pressure 
is dependent on pump flow and systemic vascular resis- 
tance. Controversy exists regarding the optimum per- 
fusion pressure because essential organs, particularly 
the brain, may be damaged if mean arterial pressure 
is <45 mmHg. Unfortunately, perfusion is difficult to 
assess clinically, especially in the hypothermic patient. 
Following the onset of CPB, haemodilution causes 
marked decreases in peripheral resistance and arte- 
rial pressure, which in most instances resolve spon- 
taneously in 5-10 min. If this does not occur, arterial 
pressure may be increased by raising systemic resis- 
tance with a vasoconstrictor. Frequently, peripheral 
resistance and arterial pressure increase during hypo- 
thermic CPB as a result of increasing concentrations 
of catecholamines, and then decrease during active 
rewarming because of profound vasodilatation. 
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Coagulation Control 


Adequate anticoagulation must be maintained during 
CPB; ACT should be measured every 30 min and extra 
doses of anticoagulant administered as necessary. 


Oxygen Delivery 


Arterial blood samples should be taken at regular inter- 
vals for measurement of blood gas tensions, acid—base 
status and haematocrit. Continuous blood gas analy- 
sis is increasingly common. Tissue oxygen delivery is 
dependent on pump flow, haemoglobin concentration 
and oxygen tension. The haematocrit can usually be 
permitted to fall to 20%, but further reduction should 
be prevented by the addition of packed cells or blood 
to the bypass circuit. 


Acid—Base Balance 


The development of metabolic acidosis suggests 
that perfusion is inadequate and, if necessary (base 
deficit >6-8 mmol L”), sodium bicarbonate may be 
administered. 

When systemic hypothermia is used during CPB, 
consideration needs to be given to the effect of hypo- 
thermia on the solubility of gases in blood, and how 
these affect values obtained from arterial blood gas 
analysis. As temperature decreases, the solubility of 
gases in liquids increases, and the proportion of gas 
in equilibrium with the gas phase (partial pressure) 
decreases, although the total content of each gas re- 
mains the same. The net result of this phenomenon 
is a metabolic acidosis secondary to reduced PaCO,,. 
There are two strategies for dealing with this issue. Not 
correcting arterial blood gas measurements for tem- 
perature allows a normal pH to be maintained. This is 
known as alpha-stat, because this maintains the degree 
of ionization of alpha-histidine. Alternatively, adding 
additional CO, to maintain a normal pH on the ba- 
sis of corrected blood gas measurements is known as 
pH stat. In most centres, alpha-stat is used, but pH- 
stat offers a number of theoretical benefits in patients 
undergoing procedures requiring deep hypothermia. 


Serum Potassium Concentration 


Serum potassium concentration should be main- 
tained at approximately 4.5-5.5 mmol L~ by the ad- 
ministration of potassium chloride (10-20 mmol) 
into the CPB circuit as required. It should be borne 
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in mind that repeated administration of cardioplegic 
solutions may cause a significant rise in serum potas- 
sium concentration. 


Weaning from CPB 


Following removal of the aortic cross-clamp, oxy- 
genated blood flows into the coronary arteries again, 
washing out cardioplegia and repaying the oxygen 
debt. In many cases, the heart regains activity spon- 
taneously. In a minority of patients, it starts to beat in 
sinus rhythm but reverts usually to ventricular fibril- 
lation; internal defibrillation is required to convert 
fibrillation to sinus rhythm and is successful only if 
pH, serum potassium concentration, oxygenation and 
temperature are approaching normal values. The heat 
exchanger in the oxygenator is used to increase the 
temperature of blood, but peripheral temperature is 
often depressed for some time. If a spontaneous heart- 
beat cannot be maintained, external pacing via epicar- 
dial wires should be started. 

When core body temperature exceeds 36°C, meta- 
bolic indices are normal and a regular heartbeat is 
present, the establishment of spontaneous cardiac 
output is attempted. By gradually restricting venous 
drainage to the venous reservoir, venous blood is di- 
verted to the right atrium. When the pulmonary cir- 
culation has been restored, mechanical ventilation is 
restarted; 100% oxygen is given because the efficiency 
of pulmonary gas exchange is unknown at this stage 
and any gas bubbles which have not been vented may 
enlarge in volume if nitrous oxide or nitrogen (air) is 
introduced. 

Left ventricular ejection produces an upward deflec- 
tion on the arterial pressure trace after a QRS complex. 
If the myocardium is contracting satisfactorily, pump 
flow is reduced cautiously and the heart, now receiving 
all the venous return, achieves normal output. 

Although arterial pressure is the most easily mea- 
sured index of successful termination of CPB, it is 
merely the product of cardiac output and peripheral 
resistance. If there is doubt about efficiency of the 
heart, cardiac output should be measured and periph- 
eral resistance derived. 

Following successful termination of CPB, preload 
can be adjusted by retransfusing any blood left in the 
CPB circuit, by altering the patient’s posture and by 
administering a vasodilator or vasoconstrictor. 


Low Cardiac Output State 


Failure to wean a patient from extracorporeal support 
should prompt the resumption of CPB while the cause 
is identified and supportive treatment initiated. TOE 
may be particularly helpful in this situation, permit- 
ting continuous assessment of preload, ventricular 
wall motion and valvular function. If causes such as 
failing to ventilate the lungs or an appropriate vapor- 
izer setting have been excluded, attention should be 
focused on cardiac contractility and afterload. 

Coronary aeroembolism, which may occur dur- 
ing and after separation from CPB, causes myocardial 
ischaemia manifest as a regional ventricular wall mo- 
tion abnormality and rhythm disturbance. The prob- 
lem usually resolves when arterial pressure is elevated 
and the heart permitted to eject on CPB. 

The choice of inotrope in this setting is largely a 
matter of personal preference; there is little evidence 
to suggest that one drug is superior to another. Despite 
the theoretical risk of worsened myocardial reperfu- 
sion injury, calcium salts (e.g. CaCl, 250-1000 mg) are 
commonly used first. Other drugs commonly used — 
either alone or in combination — include adrenaline 
(0.05-0.2 pg kg? min`), dobutamine (2-20 pg kg! 
min`) and dopamine (2-20 pg kg? min) by infu- 
sion; all increase myocardial oxygen demand and tend 
to precipitate tachyarrhythmias. Both adrenaline and 
dopamine cause vasoconstriction at high doses. 

Phosphodiesterase II inhibitors, such as milri- 
none and enoximone, may be a suitable alternative 
or adjunct to conventional inotropes, particularly in 
patients with right ventricular dysfunction and pul- 
monary hypertension. By inhibiting the breakdown 
of cytosolic cyclic adenosine monophosphate, they 
improve myocardial performance and dilate both ar- 
terioles and veins. By reducing afterload, they reduce 
myocardial oxygen demand and augment ventricular 
ejection. Arterial hypotension, more commonly seen 
with milrinone, can be treated with an infusion of ei- 
ther noradrenaline or vasopressin. 

Failure to achieve an adequate spontaneous circula- 
tion by pharmacological means alone is an indication 
for mechanical support such as intra-aortic balloon 
counterpulsation. 


Intra-Aortic Balloon Pump. This device is inserted 
through a femoral artery and positioned in the 


descending aorta, just distal to the left subclavian artery. 
The balloon is inflated during diastole immediately 
after closure of the aortic valve, and deflated prior 
to ventricular ejection. Inflation displaces blood in 
the aorta, simultaneously promoting distal flow and 
augmenting coronary perfusion. Following deflation 
of the balloon, proximal aortic pressure (afterload) is 
reduced, favouring improved ventricular ejection and 
lowering left ventricular end-diastolic pressure. 


Bleeding 


Following decannulation of the heart, it is necessary 
to restore normal coagulation and achieve haemosta- 
sis. In the case of heparin anticoagulation, protamine 
sulphate (~1 mg for each 100 units of heparin given) is 
administered cautiously. Protamine typically produces 
a transient and occasionally profound fall in arterial 
pressure because of peripheral vasodilatation. Rarely, 
protamine may cause acute pulmonary vasoconstric- 
tion. In excessive dosage, protamine may itself act as 
an anticoagulant. 

Excessive bleeding after cardiac surgery is associ- 
ated with increased resource utilization, morbidity 
and mortality. Coagulopathic bleeding may be caused 
by residual anticoagulation or the consumption of 
clotting factors and platelets during CPB. Failure to 
achieve adequate haemostasis within 45 min of sepa- 
ration from CPB should prompt a full blood count, 
coagulation screen and, where available, thromboelas- 
tography. The results should then be used to guide the 
selection of blood component therapy. 

While assisting the surgeon to achieve haemostasis, 
the anaesthetist must maintain adequate anaesthesia, 
maintain haemodynamic stability and correct any 
metabolic or biochemical abnormalities. 


HAEMODYNAMICS AFTER CPB 


Myocardial injury and a degree of cardiac dysfunc- 
tion are inevitable consequences of cardiac surgery 
and CPB. Virtually all patients exhibit brief increases 
in serum troponin and cardiac enzyme concentra- 
tions in the early postoperative period. The net result 
is reduced contractility (depressed Frank—Starling 
curve), reduced sensitivity to adrenergic agonists 
(endogenous and exogenous) and increased sensi- 
tivity to myocardial depressants (e.g. P blockers). In 
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the normal course of events, myocardial contractility 
tends to improve in the week after surgery. 

Peripheral vasoconstriction may persist for several 
hours after CPB. This may lead to hypertension in pa- 
tients with preserved ventricular function (particularly 
after surgery for aortic stenosis) or a low cardiac output 
state in patients with impaired ventricular function. 
The treatment of hypokalaemia and hypomagne- 
saemia, and administration of a vasodilator such as 
sodium nitroprusside, decrease myocardial oxygen de- 
mand, improve peripheral perfusion and may increase 
cardiac output. In addition, blood pressure control re- 
duces the stress placed on vascular anastomoses. 

In some patients, however, a profound systemic 
inflammatory response produces excessive vasodilata- 
tion and hypotension. Having excluded hypotension 
secondary to low cardiac output, it may be necessary 
to initiate treatment with phenylephrine, noradrena- 
line or vasopressin. 


Other Aspects 


In addition to maintaining cardiac function and oxy- 
gen supply to the tissues during this period, the an- 
aesthetist should ensure that normality is regained 
as soon as possible, and maintained, in respect of the 
following. 


Temperature 


The thermal gradient between body core and periph- 
eral tissues limits both the rate and efficiency of cool- 
ing and rewarming during CPB. The rate of transfer of 
thermal energy is largely governed by patient weight, 
muscle mass, vascular tone, perfusion pressure and 
pump flow. The inevitable fall in core temperature 
secondary to redistribution after CPB (so-called ‘after- 
drop’) can be mitigated by using external warming 
devices. 


Biochemical Monitoring 


Essential monitoring includes arterial blood gas ten- 
sions, acid-base status, serum electrolyte concentra- 
tion and haematocrit. 


Cardiac Rhythm 


Heart Block. This may follow aortic valve sur- 
gery and operations on the ventricular septum, or 
as a consequence of right coronary aeroembolism. 
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Atrioventricular (sequential; D00, DDD) pacing using 
epicardial pacing wires ensures an adequate ventricu- 
lar rate and maintains late diastolic ventricular filling, 
which is particularly important if ventricular compli- 
ance is poor. 


Supraventricular Arrhythmias. Synchronized, direct 
current cardioversion is the most convenient treat- 
ment when the chest is open. After chest closure, op- 
tions include amiodarone, f-blockade, verapamil or 
adenosine. 


Ventricular Arrhythmias. The threshold for arrhyth- 
mias is reduced by hypokalaemia, hypomagnesaemia 
and hypocalcaemia. The abrupt onset of ventricular 
tachycardia or ventricular fibrillation after moving the 
patient from the operating table to the bed may herald 
coronary aeroembolism. 


Transfer to Postoperative Care Unit 


In most centres, intraoperative support and monitor- 
ing are extended into the postoperative period. The 
duration of this care depends on institutional practice 
and the patient’s speed of recovery. In some centres, 
patients are routinely cared for in the intensive care 
unit (ICU). However, there may be some advantages 
to managing these patients on separate extended re- 
covery units. In such instances, the interval between 
admission and weaning from mechanical ventilation 
can usually be considerably shortened. This so-called 
‘fast-track’ approach may be associated with earlier 
discharge and reduced morbidity from unnecessarily 
prolonged sedation and mechanical ventilation of the 
lungs. 

Transferring patients from the operating theatre 
is not without risk. Care must be taken to prevent 
inadvertent injury and avulsion of indwelling tubes, 
catheters and cannulae. Mechanical ventilation, drug 
therapy and haemodynamic monitoring should be 
continued throughout transfer. 


POSTOPERATIVE CARE 


Regardless of location, there should be a well- 
practised routine for the care of patients after surgery. 
Usually, ventilation of the lungs and full cardiovascu- 
lar monitoring are recommenced immediately. The 


principles of care in this phase are similar to those 
described for the period of anaesthesia after termina- 
tion of bypass. 

The principles underpinning the management of 
patients in the first few hours after cardiac surgery are 
the maintenance of haemodynamic stability, adequate 
pulmonary gas exchange, normal acid-base homeosta- 
sis, haemostasis and renal function. 

In the uncomplicated patient, sedation can be 
discontinued 3—4 h after admission, and the patient 
weaned from mechanical ventilation. In a significant 
minority of patients however, haemodynamic instabil- 
ity, poor gas exchange, bleeding, hypothermia or agita- 
tion may necessitate prolonged sedation. 


Bleeding 


Bleeding after cardiac surgery is normal and to be ex- 
pected. However, excessive bleeding (>150 mL h“) 
should be considered abnormal and prompt further 
assessment. Coagulopathic bleeding may be due to 
thrombocytopenia, clotting factor deficiency and re- 
sidual effects of heparin, and should be treated actively 
on the basis of laboratory and point-of-care investiga- 
tions. Temperature and acid—base balance should be 
normalized. In contrast, bleeding in the setting of nor- 
mal coagulation should prompt consideration of early 
surgical re-exploration. However, it should be borne in 
mind that both resternotomy and massive transfusion 
are associated with significantly increased morbidity 
and mortality. 

In some instances in which chest tube drainage 
is inadequate, the accumulation of blood within the 
chest may lead to haemodynamic collapse secondary 
to cardiac tamponade. Falling arterial blood pressure 
and rising central venous pressure should be consid- 
ered to be due to tamponade until proved otherwise. 
If deterioration occurs rapidly, resternotomy must be 
undertaken in the ITU. 


Criteria for Tracheal Extubation 


m Awake, orientated, responds to commands 

= Temperature >35.5C° with core-peripheral gra- 
dient <6 C° 

Chest tube drainage <100 mL h“ 

Satisfactory blood gases with an inspired oxygen 
concentration <50% 

Haemodynamic stability 


Pain Relief 


Pain after sternotomy is limited because surgical wir- 
ing of the sternum during closure prevents excessive 
bone movement and muscle injury is not a feature. 
Patients tend to complain more about pain from chest 
drain sites and leg/arm wounds (from harvesting of the 
saphenous vein or radial artery). Regular paracetamol 
should be administered, and morphine by infusion or 
nurse-administered bolus is often required. Morphine 
can often be replaced by a strong oral analgesic such 
as tramadol or codeine soon after extubation of the 
trachea, but patient-controlled analgesia (PCA) may 
be required by some patients. Chest drains are usually 
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removed on the day after surgery, and analgesia for 
their removal can be provided by nitrous oxide/oxygen 
(Entonox) inhalation. 
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bstetric anaesthesia and analgesia involve caring 
for women during childbirth in three situations: 


m provision of analgesia for labour, usually by epi- 
dural or spinal analgesic techniques 

m anaesthesia for instrumental (e.g. forceps or 
Ventouse) or caesarean delivery 

m care of the critically ill parturient. 


The obstetric anaesthetist is involved in the care 
of the parturient as part of a multidisciplinary team, 
including obstetricians, midwives, health visitors, phy- 
sicians and intensive care specialists. There are few 
other areas of anaesthetic practice where communica- 
tion skills and good record-keeping are so important. 
Successive reports from the triennial confidential en- 
quiries into maternal mortality currently conducted 
by the National Perinatal Epidemiology Unit (NPEU), 
and formerly by the Centre for Maternal and Child 
Enquiries (CMACE) have highlighted the problems of 
women with intercurrent medical disease and the im- 
portance of the obstetric anaesthetist in their care. This 
has led to the establishment of obstetric anaesthetic 
assessment clinics in many hospitals (an Obstetric 
Anaesthetists’ Association (OAA) survey found that 
30% of units in the UK had such clinics in 2005). 
The education of colleagues, patients and the public 
about the role of obstetric anaesthetists is essential so 
that patients are fully informed and hence feel more 
comfortable about consenting to regional anaesthetic 
and analgesic techniques when these may be indicated. 
Information leaflets produced by the OAA on analge- 
sia in labour and caesarean section are available in up 
to 37 languages. 
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OBSTETRIC ANAESTHESIA 
AND ANALGESIA 


Many anaesthetists in training approach their ob- 
stetric module with trepidation for several possible 
reasons. All anaesthetists have heard that mothers may 
die, albeit rarely, as a result of general anaesthesia and 
that these were previously healthy young women. In 
addition, they may be aware of the challenge of per- 
forming a regional block under the scrutiny of a part- 
ner in patients who are awake. 

The UK Royal College of Anaesthetists (RCoA) curric- 
ulum for anaesthetists in training for obstetric anaesthesia 
is divided into basic, intermediate, higher and advanced 
levels. The first three are essential in order to achieve the 
CCT (Certificate of Completion of Training). An initial 
assessment of competence in obstetric anaesthesia must 
also be completed to pass the basic level. Training pro- 
grammes in other countries have similar objectives. 

The basic obstetric module requires the trainee to 
gain knowledge, skills and experience of the treatment 
of healthy pregnant women and of the management 
of common obstetric emergencies. The contents of 
this chapter are mapped to the RCoA basic curriculum. 


An understanding of the physiological changes in- 
duced by pregnancy is vital to the clinician involved in 
the care of pregnant women. The obstetric anaesthetist 
must understand maternal adaptation to pregnancy in 
order to manipulate physiological changes following 
general anaesthesia or regional analgesia and anaes- 
thesia in such a way that the condition of the neonate 
at delivery is optimized. 


The physiological changes of pregnancy are ex- 
aggerated in multiple pregnancy. The success of as- 
sisted conception means that obstetric anaesthetists 
now care for more women with twins, triplets and 
quadruplets. 


The hormone progesterone may be considered the 
most important physiological substance in preg- 
nancy. It is secreted initially in increasing amounts 
during the second half of the menstrual cycle to 
prepare the woman for pregnancy. Following con- 
ception, the corpus luteum ensures adequate blood 
concentrations until placental secretion is adequate. 
The most important physiological role of progester- 
one is its ability to relax smooth muscle. All other 
physiological changes stem from this pivotal function 
(Fig. 35.1). 
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Blood volume increases from 65-70 to 80-85mL kg" 
mainly by expansion of plasma volume, which starts 
shortly after conception and implantation and is 
maximal at 30-32 weeks (Fig. 35.2). Red cell volume 
increases linearly but not as much as plasma volume 
(Table 35.1). Thus, the haematocrit decreases, causing 
the ‘physiological anaemia’ of pregnancy. 

The increase in blood volume is accompanied by 
an increase in cardiac output (Fig. 35.3) within the 
first 10-12 weeks by approximately 1.5 Lmin™. By the 
third trimester, cardiac output has increased by about 
40-50% as a result of significant increases in heart rate 
and stroke volume (Table 35.2). In labour, cardiac out- 
put may increase by a further 45%. 

In normal pregnancy, despite the increased blood 
volume and hyperdynamic circulation, the pulmo- 
nary capillary wedge pressure (PCWP) and central 


Progesterone 
relaxes smooth muscle 


Arterioles dilate 
a Venous an 
Stimulates respiration 


Blood volumet Tidal volumet 
Minute volume ft 


Systemic vascular resistance | 


Pulmonary vascular resistance } 


Cardiac outputt PaCO,} ODC —>(R)Psot 


Increased blood flow 


| 


Oxygen unloading in placenta facilitated. 
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FIGURE 35.1 
nancy. PaCO,, arterial carbon dioxide tension; ODC, oxyhaemoglobin dissociation curve; P. 


haemoglobin is 50% saturated at pH 7.4 and temperature 37°C; HCO, bicarbonate. 


50? 


Summary of the main actions of progesterone - it establishes the maternal physiological adaptation to preg- 
partial pressure of oxygen when 
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Changes in blood, plasma and 


TABLE 35.1 


Haematological Changes Associated with 


Pregnancy 

Variable Non-Pregnant Pregnant 

Haemoglobin 14g dL" 12g dL" 
Haematocrit 0.40-0.42 0.31-0.34 
Red cell count 4.2x107L" 3.8«107L" 
White cell count 6.0X10°L" 9.0x10°L"! 
Erythrocyte 10 58-68 
sedimentation rate 


Platelets 150-400 x 10°L" 120-400 10°L" 


venous pressure do not increase, because of the re- 
laxant effect of progesterone on the smooth muscle 
of arterioles and veins, and dilatation of the left ven- 
tricle. Significant decreases in systemic and pulmo- 
nary vascular resistance permit the increased blood 
volume to be accommodated at normal vascular 
pressures. 
In essence, a large heart pumps a larger blood vol- 
ume more quickly through an enlarged and expanding 


post partum 


red cell volumes and cardiac output during pregnancy. 


vascular bed which provides a low resistance to less 
viscous blood. 

Despite the reductions in haemoglobin concentra- 
tion and red cell mass, the physiological changes are 


geared to maximize oxygen transport to the placenta 
and eliminate carbon dioxide. 


Pregnant women who lie supine may suffer from aorto- 
caval compression. Arterial pressure decreases because 
the gravid uterus compresses the inferior vena cava to 
reduce venous return and therefore cardiac output. The 
aorta is also frequently compressed, so that femoral ar- 
terial pressure may be lower than brachial arterial pres- 
sure; this has been demonstrated to be the main cause 
of a reduction in uterine blood flow. Compensation for 
aortocaval compression occurs through sympathetic 
stimulation and collateral venous return via the verte- 
bral plexus and azygous veins. The effect of aortocaval 
compression varies from asymptomatic mild hypo- 
tension to cardiovascular collapse and is usually 
prevented/relieved by left tilt/wedging although com- 
plete lateral position is required in some cases. 
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Diagrammatic representation of changes in blood flow to various organs during pregnancy, together with 


percentage changes in cardiac output, and blood and plasma volumes. 


TABLE 35.2 


Cardiovascular Changes in Pregnancy 


Variable Change % change 

Heart rate ncreased 20-30% 

Systolic blood Decreased 10-15% 2nd 

pressure trimester 

Diastolic blood Decreased 

pressure 

Stroke volume ncreased 20-50% 

Cardiac output ncreased 40-50% by 3rd 
trimester 

Systemic vascular Decreased 20% 

resistance 

Central venous Unchanged 

pressure 

Pulmonary vascular Decreased 30% 

resistance 

Pulmonary capillary Unchanged 


wedge pressure 


There is an increased blood flow to various organs, es- 
pecially the uterus and placenta, where it rises from 85 
to 500 mL min” (see Fig. 35.3). Liver blood flow is not 
increased. 

Blood flow to the nasal mucosa is increased. Nasal 
intubation may be associated with epistaxis. 

There is a considerable increase in blood flow to the 
skin, resulting in warm, clammy hands and feet. The 
purpose of this vasodilatation, together with that in 
the nasal mucosa, is to dissipate heat from the meta- 
bolically active fetoplacental unit. 


Respiratory function undergoes several important 
modifications (Table 35.3), also as a result of the actions 
of progesterone. The larger airways dilate and airway re- 
sistance decreases. There are increases in tidal volume 
(from 10 to 12 weeks’ gestation) and minute volume 
(by up to 50%). Progesterone exerts a stimulant action 
on the respiratory centre and carotid body receptors. 
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TABLE 35.3 


Changes in Respiratory Function in Pregnancy 


Variable Non-Pregnant Term Pregnancy 
Tidal volume ft 450 mL 650mL 
Respiratory rate 16min" 16min" 
Vital capacity 3200 mL 3200 mL 
Inspiratory reserve 2050mL 2050 mL 
volume 

Expiratory reserve 700 mL 500 mL 
volume | 

Functional residual 1600 mL 1300 mL 
capacity | 

Residual volume | 1000 mL 800 mL 
PaO, slight Î 11.3kPa 12.3kPa 
PaCO, | 4.7-5.3 kPa 4kPa 

PH slightly Î 7.40 7.44 


PaO,, arterial oxygen tension; PaCO,, arterial carbon dioxide tension. 


Alveolar hyperventilation leads to a low arterial 
carbon dioxide tension (PaCO,) during the second 
and third trimesters. By the 12th week of pregnancy, 
PaCO, may be as low as 4.1 kPa (PaCO, gradually de- 
creases during the premenstrual phase of the men- 
strual cycle). The respiratory alkalosis is accompanied 
by a decrease in plasma bicarbonate concentration 
resulting from renal excretion (base excess decreases 
from 0 to -—3.5mmol L~). Arterial pH does not change 
significantly. The oxyhaemoglobin dissociation curve 
is shifted to the right because the increase in red cell 
2,3-diphosphoglycerate (2,3-DPG) concentration 
outweighs the effects of a low PCO,, which would nor- 
mally shift the curve to the left. The P,, increases from 
about 3.5 to 4.0kPa. The oxyhaemoglobin dissociation 
curve (ODC) of HbF is to the left of that for HbA. The 
loading—unloading advantages of HbF are at low oxy- 
gen tensions. Placental exchange of oxygen is regulated 
mainly by a change in oxygen affinities of HbA and 
HbF caused principally by altered hydrogen ion and 
carbon dioxide concentrations on both sides of the 
placenta. 

Without the double Bohr and double Haldane ef- 
fects, the diffusion gradients or placental blood flow 
would have to be increased considerably to maintain 
the same efficiency of gas transfer. 


The functional residual capacity (FRC) and residual 
volume are reduced at term because of the enlarged 
uterus (Table 35.3). This substantial reduction, com- 
bined with the increase in tidal volume, results in large 
volumes of inspired air mixing with a smaller volume 
of air in the lungs. The composition of alveolar gas may 
be altered with unusual rapidity and alveolar and arte- 
rial hypoxia develop more quickly than normal during 
apnoea or airway obstruction. In normal pregnancy, 
closing volume does not intrude into tidal volume. 

Oxygen consumption (Vo,) increases gradually 
from 200 to 250 mL min” at term (up to 500 mL min” 
in labour). Carbon dioxide production parallels oxy- 
gen consumption. In the intervillous space, the diffu- 
sion gradient for oxygen is approximately 4.0 kPa, and 
for carbon dioxide is approximately 1.3 kPa. 

The incidence of failed intubation in term parturi- 
ents is approximately 1 in 300 cases, compared with 1 
in 2200 in the non-pregnant population. This is caused 
in part by changes in pregnancy which affect the air- 
way (Table 35.4). These factors increase the difficulty 
in seeing the larynx and increase the rate at which hy- 
poxaemia develops in an apnoeic patient. 


These changes are shown in Table 35.5. Renal blood 
flow is increased (Fig. 35.3). By 10-12 weeks, glomer- 
ular filtration rate (GFR) has increased by 50% and 
remains at that level until delivery. Glycosuria often 
occurs because of decreased tubular reabsorption and 
the increased load. The renal pelvis, calyces and ureters 
dilate as a result of the action of progesterone and in- 
termittent obstruction from the uterus, especially on 
the right. 


TABLE 35.4 


Physiological Changes of Pregnancy Which 
Increase the Risk of Hypoxaemia 


Interstitial oedema of the upper airway, especially in 
pre-eclampsia 


Enlarged tongue and epiglottis 


Enlarged, heavy breasts which may impede laryngoscope 
introduction 


Increased oxygen consumption 


Restricted diaphragmatic movement, reducing FRC 


TABLE 35.5 


Renal Changes in Pregnancy 


Parameter Non-Pregnant Pregnant 
Urea (mmol L~’) 2.5-6.7 2.3-4.3 
Creatinine (pmol L“') 70-150 50-75 
Urate (umol L“') 200-350 150-350 
Bicarbonate (mmolL"') 22-26 18-26 
24 hour creatinine clearance Increased 


These also stem from the effects of progesterone on 
smooth muscle. 

A reduction in lower oesophageal sphincter pres- 
sure occurs before the enlarging uterus exerts its me- 
chanical effects (an increase in intragastric pressure 
and a decrease in the gastro-oesophageal angle). These 
mechanical effects are greater when there is multiple 
pregnancy, hydramnios or morbid obesity. A history of 
heartburn denotes a lax gastro-oesophageal sphincter. 

Placental gastrin increases gastric acidity. Together 
with the sphincter pressure changes, this makes regur- 
gitation and inhalation of acid gastric contents more 
likely to cause pneumonitis in pregnancy. 

Gastrointestinal motility decreases but gastric emp- 
tying is not delayed during pregnancy. However, it is 
delayed during labour but returns to normal by 18h 
after delivery. Thus women are at risk of regurgitation 
of gastric contents during this time. Pain, anxiety and 
systemic opioids (including epidural and subarach- 
noid administration of opioids) aggravate gastric 
stasis. Small and large intestinal transit times are in- 
creased in pregnancy and may result in constipation. 

Changes in liver function are summarized in 
Table 35.6. 


TABLE 35.6 


Liver Function Changes in Pregnancy 


Parameter Change in Pregnancy 


Albumin Decreased 


Alkaline phosphatase Increased (from placenta) 


ALT/AST No change 


Plasma cholinesterase Decreased 
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Haemoglobin concentration decreases from 14 to 12g 
dL" (Table 35.1). Cell-mediated immunity is depressed. 
There is an increase in platelet production but the platelet 
count falls because of increased activity and consump- 
tion. Platelet function remains normal. Haematological 
changes return to normal by the sixth day after delivery. 


Pregnancy induces a hypercoagulable state. These 
changes are summarized in Table 35.7. 

There is an increase in the majority of clotting 
factors, a decrease in the quantity of natural anti- 
coagulants and a reduction in fibrinolytic activity. 
Fibrinolysis decreases due to decreased tissue plas- 
minogen activator (t-PA) activity because of inhibitors 
produced by the placenta. 

Despite these changes, bleeding time, prothrombin 
time and partial thromboplastin time remain within 
normal limits. Thromboelastography may be useful to 
assess platelet function and clot stability but its use in 
pregnancy is unproven. 


TABLE 35.7 


Coagulation Changes in Late Pregnancy 


Fibrinogen increased from 2.5 (non-pregnant value) to 
4.6-6.0gL" 


Factor Il slightly increased 


Factor V slightly increased 


Factor VII increased 10-fold 


Factor VIII increased - twice non-pregnant state 


Factor IX increased 


Factor X increased 


Factor XI decreased 60-70% 


Factor XII increased 30-40% 


Factor XIII decreased 40-50% 


Antithrombin Illa decreased slightly 


Plasminogen unchanged 


Plasminogen activator reduced 


Plasminogen inhibitor increased 


Fibrinogen-stabilizing factor falls gradually to 50% of non- 
pregnant value 
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The increase in clotting activity is greatest at the 
time of delivery, with placental expulsion releas- 
ing thromboplastic substances. These substances 
stimulate clot formation to stop maternal blood loss. 
Coagulation and fibrinolysis generally return to pre- 
pregnant levels 3—4 weeks postpartum. 


The epidural space is the space between the periosteal 
lining of the vertebral canal and the spinal dura mater. 
It contains spinal nerve roots, lymphatics, blood ves- 


sels and a variable amount of fat (Figs 35.4, 35.5). Its 
boundaries are as follows: 


= superiorly — the foramen magnum, where the du- 
ral layers fuse with the periosteum of the cranium; 


Posterior longitudinal 
ligament 


Spinal cord 


Ligamentum 
flavum 


T12 


L1 


Interspinous 


L2 ligament 


Supraspinous 
L3 ligament 
Epidural 
L4 space 
à — Subcutaneous 


L5 tissue 


\_—— Skin 


Vertebral bodies 


FIGURE 35.4 ™ The vertebral column. Note that the spinal 
cord ends at the level of L1 or L2 and that the dural sac ex- 
tends to the level of the S2 vertebra. 
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hence, local anaesthetic solution placed in the epi- 
dural space cannot extend higher than this 

m inferiorly — the sacrococcygeal membrane 

m anteriorly — the posterior longitudinal ligament 

m posteriorly — the ligamentum flavum and verte- 
bral laminae 

m laterally — the pedicles of the vertebrae and the 
intervertebral foramina. 


In the normal adult, the spinal cord begins at the 
foramen magnum and normally ends at the level of L1 
or L2 (though it may end lower); here it becomes the 
cauda equina. The epidural space is a tube containing 
the spinal cord, the cerebrospinal fluid (CSF) and the 
meninges. It is crossed by 32 spinal nerves, each with a 
dural cuff. The subarachnoid space extends further than 
the cord, to the level of S2. Below this level, the dura 
blends with the periosteum of the coccyx. Between the 
dura and arachnoid is the subdural space, within which 
local anaesthetic solution may spread extensively. 

The volume of the vertebral canal is finite. An in- 
crease in volume of contents of one compartment re- 
duces the compliance of the other compartments and 
increases the pressures throughout. 

In pregnancy, the epidural veins are dilated by the 
action of progesterone. These valveless veins of Batson 
form collaterals and become engorged as a result of 
aortocaval compression, during a uterine contraction 
or secondary to raised intrathoracic or intra-abdominal 
pressure, e.g. coughing, sneezing or expulsive efforts of 
parturition. The dose of local anaesthetic for epidural 
analgesia or epidural/subarachnoid anaesthesia is re- 
duced by about one-third for the following reasons: 


m Spread of local anaesthetic in either the sub- 
arachnoid or epidural space is more extensive as 
a result of the reduced volume. 

m Progesterone-induced hyperventilation leads to 
a low PaCO, and a reduced buffering capacity; 
thus, local anaesthetic drugs remain as free salts 
for longer periods. 

m Pregnancy itself produces antinociceptive effects. 
The onset of nerve block is more rapid, and hu- 
man peripheral nerves have been shown to be 
more sensitive to lidocaine during pregnancy. 
Increased plasma and CSF progesterone concen- 
trations may contribute towards the reduced ex- 
citability of the nervous system. 


Epidural space 


Transverse process 


Pedicle 


Dural sac and contents 


FIGURE 35.5 


m Increased pressure in the epidural space facilitates 
diffusion across the dura and produces higher 
concentrations of local anaesthetic in CSE. 

m Venous congestion of the lateral foramina de- 
creases loss of local anaesthetic along the dural 
sleeves. 


During contractions, the pressure in the epidural 
space may increase by 0.2-0.8kPa and become very 
high (2.0-5.9kPa) in the second stage of labour. 
Because the spread of local anaesthetic is exaggerated 
during contractions, top-ups should not be adminis- 
tered at that time. 

The CSF pressure increases from about 2.2 to 3.8 kPa 
during contractions and to 6.9 kPa in the second stage. 
It is therefore advised not to advance an epidural nee- 
dle or insert an epidural catheter during contractions 
due to the increased risk of dural puncture. 

Even if precautions are taken to prevent it, in- 
termittent aortocaval compression always occurs in 
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Posterior longitudinal ligament 


Vertebral body 


Anterior longitudinal ligament 


Anatomical relations of the epidural space. 


association with maternal movement. Consequently, 
the epidural veins become intermittently and unpre- 
dictably engorged. 


The afferent nerve supply of the uterus and cervix is 
via AS and C fibres which accompany the thoraco- 
lumbar and sacral sympathetic outflows. The pain 
of the first stage of labour is referred to the spinal 
cord segments associated with the uterus and the cer- 
vix, namely T10-T12 and L1. Pain of distension of 
the birth canal and perineum is conveyed via S$2-S4 
nerves (Fig. 35.6). When anaesthesia is required for 
caesarean section, all the layers between the skin and 
the uterus must be anaesthetized. It is important to 
remember that the most sensitive layer is the perito- 
neum, and therefore the block should extend up to at 
least T4 and also include the sacral roots (S1—S5) to 
cold and T5 to touch. 
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FIGURE 35.6 


The placenta is both a barrier and link between the 
fetal and maternal circulations. It consists of both ma- 
ternal and fetal tissue — the basal and chorionic plates, 
separated by the intervillous space. 

The two circulations are separated by two layers of 
cells — the cytotrophoblast and the syncytiotropho- 
blast. Fetal well-being depends on placental blood 
flow. Placental blood flow depends on the perfusion 
pressure across the intervillous space and the resistance 
of the spiral arteries. The spiral and uterine arteries 
possess a-adrenergic receptors. Placental perfusion is 
reduced by a reduction in cardiac output (e.g. haemor- 
rhage) or uterine hypertonicity (e.g. overstimulation 
with syntocinon) 


Transport of Respiratory Gases. This is the most im- 
portant function of the placenta and is described above. 


Nerve supply to the uterus and birth canal. 


Hormone Production. Human chorionic gonado- 
trophin (hCG) is secreted by placental syncytiotro- 
phoblasts and production commences very early in 
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pregnancy and peaks at 8—10 weeks. Its role is to stim- 
ulate the corpus luteum to secrete progesterone. hCG 
levels increase again near term gestation but its role in 
late pregnancy is unclear. 

Human placental lactogen (hPL) has similar ef- 
fects to growth hormone and causes maternal insulin 
resistance. 

Oestrogens are secreted by the placenta and have a 
role in breast and uterus development. 

Progesterone is secreted by the placenta. Its vital 
role in the physiology of pregnancy has been described 
above. 

Alkaline phosphatase is secreted by the placenta but 
its role in pregnancy is uncertain. 


Immunological. The placenta modifies the fetal and ma- 

ternal immune system so that the fetus is not rejected. 
IgG is transferred across the placenta and confers 

some passive immunity but may also produce disease. 
There is a reduction in cell-mediated immunity. 


Placental Transfer of Drugs. The barrier between ma- 
ternal and fetal blood is a single layer of chorion united 
with fetal endothelium. The surface area of this is 
vastly increased by the presence of microvilli. Placental 
transfer of drugs occurs, therefore, by passive diffu- 
sion through cell membranes which are lipophilic. 
However, this membrane appears to be punctuated 
by channels which allow transfer of hydrophilic mol- 
ecules at a rate that is around 100000 times lower. 

Drugs cross the placenta by simple diffusion of 
unionized lipophilic molecules. Fick’s law of diffu- 
sion applies. The rate is directly proportional to the 
materno-fetal concentration gradient and the area of 
the placenta available for transfer, and inversely pro- 
portional to placental thickness. 


Drug trans- 
fer occurs down a concentration gradient in either 
direction. The maternal drug concentration de- 
pends on the route of administration, dose, volume 
of distribution, drug clearance and metabolism. The 
highest concentration is achieved after intravenous 
administration, although epidural and intramuscular 
administration result in similar concentrations. Fetal 
drug concentration depends on the usual factors of 


redistribution, metabolism and excretion. The fetus 
eliminates drugs less effectively due to immature 
enzyme systems. The distribution differs because 
of the anatomical and physiological organization of 
the fetal circulation; for example, drugs accumulate 
in the liver because of the umbilical venous flow to 
the liver and are metabolized before distribution. The 
relatively high extracellular fluid volume explains the 
large volumes of distribution of local anaesthetics 
and muscle relaxants. 


The placental 
membrane is freely permeable to lipid-soluble sub- 
stances, which undergo flow-dependent transfer. The 
majority of anaesthetic drugs are small (molecular 
weights of less than 500 Da) and lipid-soluble and so 
cross the placenta readily. The main exceptions are the 
neuromuscular blocking drugs. 


A dynamic equilibrium exists be- 
tween bound (unavailable) and unbound (available) 
drug. Reduced albumin concentration increases the 
proportion of unbound drug. Many basic drugs are 
bound to «,-glycoprotein, which is present in much 
lower concentrations in the fetus than in the adult. 


Degree of Ionization. The placental membrane car- 
ries an electrical charge; ionized molecules with the 
same charge are repelled, while those with the op- 
posite charge are retained within the membrane. The 
rate of this permeability-dependent transfer is in- 
versely proportional to molecular size. Size limitation 
for polar substances begins at molecular weights be- 
tween 50 and 100 Da. Ions diffuse much more slowly. 
Factors affecting the degree of ionization alter the rate 
of transfer. 


Changes in maternal or fetal 
pH alter the degree of ionization and protein binding 
of a drug, and thus its availability for transfer. This 
has most significance if the pKa is close to physiologi- 
cal pH (local anaesthetics), and is clinically relevant 
in the acidotic fetus. Fetal acidosis increases the ion- 
ization of the transferred drug, which is then unable 
to equilibrate with the maternal circulation, resulting 
in accumulation of the drug. This is known as ion 


trapping. 
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The degree of ionization of acidic drugs is greater 
on the maternal side and lower on the fetal side. The 
converse applies for basic drugs. 


Placental drug transfer depends on the area of the 
placenta available for transfer. Physiological shunting 
occurs and in pre-eclampsia the placenta itself may 
present an increased barrier to transfer. 


Drugs may have a harmful effect on the fetus at any 
time during pregnancy. In the early stages of pregnancy 
(at a stage when the woman may be unaware that she 
is pregnant), the conceptus is a rapidly dividing group 
of cells and the effect of drugs at that stage tends to 
be an all-or-nothing phenomenon, either slowing cell 
division if no harm is done or causing death of the em- 
bryo. Drugs may produce congenital malformations 
(teratogenesis), and the period of greatest risk is from 
weeks 3 to 11. In the second and third trimesters, drugs 
may affect the functional development of the fetus or 
have toxic effects on fetal tissues. Drugs given in labour 
or near delivery may adversely affect the neonate after 
delivery. Hence, drugs should be prescribed in preg- 
nancy only if the perceived benefit of the therapy to 
the mother outweighs the possible detrimental effects 
on the fetus. 


In many studies, the ratio of maternal vein to umbilical 
vein concentration is used; this indicates the situation 
at delivery only and gives little information about the 
effects or distribution of the drug in the neonate. 

Inhalational anaesthetics diffuse readily, but pro- 
vided that the induction-delivery interval is short, the 
fetus is minimally affected. Neonatal elimination is de- 
pendent on ventilation. 

Neuromuscular blocking drugs, which are quater- 
nary ammonium compounds and ionized fully, cross 
the placenta very slowly. Only prolonged administra- 
tion of a muscle relaxant, e.g. in the intensive care unit, 
might lead to neonatal paralysis. Bolus doses of suc- 
cinylcholine are safe. 

Thiopental is highly lipid-soluble, weakly acidic, 
75% protein-bound and less than 50% ionized at phys- 
iological pH. It therefore crosses the placenta rapidly, 
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with umbilical vein concentration closely following the 
relatively rapid decrease in maternal blood concentra- 
tion. Fetal plasma concentration continues to increase 
for around 40 min after single exposure. However, be- 
cause of the relatively large fetal volume of distribution, 
fetal and neonatal tissue concentrations are lower than 
maternal. The maintenance of high maternal thio- 
pental concentration by repeated boluses maintains a 
high diffusion gradient, producing prolonged placen- 
tal transfer and neonatal sedation. Doses of thiopental 
greater than 8mg kg’ produce neonatal depression, 
whereas doses of less than 4mg kg’ produce no sig- 
nificant neonatal effects provided that the induction 
to delivery time is less than 5min. Thiopental in such 
doses does not affect Apgar score or umbilical cord 
gas tensions, but may produce subtle changes in the 
neuroadaptive capacity score (NACS), such as reduc- 
tion in muscular tone, decreased excitability and a pre- 
dominant sleep state in the first day of life. A dose of 
thiopental of 4-7 mg kg is commonly advocated for 
induction of general anaesthesia because it ensures un- 
consciousness. Widespread clinical use testifies to the 
safety of thiopental. 

Propofol is highly protein-bound, neutral and li- 
pophilic. Propofol has been used for both induction 
and maintenance of anaesthesia for caesarean section. 
There is conflicting evidence concerning the effects 
of propofol on the neonate. Clearly, if propofol is 
administered by infusion and uterine blood concen- 
trations are maintained, a high diffusion gradient is 
maintained across the placenta and there is persis- 
tently high transfer of propofol. Induction doses as 
low as 2-3mg kg" and maintenance doses as low as 
5mg kg'h“ have been shown to cause significant 
neonatal depression. Neonatal elimination of propo- 
fol is slower than that in adults. Unless thiopental is 
contraindicated, there seems little advantage in using 
propofol for caesarean section. 

Diazepam should be avoided, if possible. It is a non- 
polar compound which is bound to albumin, but the 
feto-maternal ratio may reach 2. The neonate may suf- 
fer from respiratory depression, hypotonia, poor ther- 
moregulation and raised bilirubin concentrations. 

Opioids are mainly weak bases bound to 
a -glycoprotein. Pethidine and its metabolite norpethi- 
dine depress all aspects of neurobehaviour in the ne- 
onate. Feto-maternal ratios increase to exceed 1 after 


2—4h. Neonatal elimination is slow, resulting in prolon- 
gation of the effects. Transfer of pethidine is increased 
in the presence of fetal acidosis. Depressant effects are 
maximum if administration to delivery time is 2-3h. 
Fentanyl is highly lipid-soluble and albumin-bound, 
and rapidly crosses the placenta. Apgar scores are low 
after administration of intravenous fentanyl. Epidural 
administration of fentanyl in doses of less than 200 ug 
is not associated with any adverse effect on the fetus. 
Alfentanil is less lipophilic but more protein-bound to 
a,-glycoprotein. Feto-maternal ratios are low and at 
caesarean section are more related to feto-maternal 
a -glycoprotein concentration. Theoretically, Apgar 
and neuro-behavioural scores should be less affected. 

Remifentanil crosses the placenta readily but ap- 
pears to have few adverse effects on the fetus/neonate 
because it is rapidly metabolized. It can be used for pa- 
tient-controlled analgesia (PCA) in labour (see below). 

Non-steroidal anti-inflammatory drugs should be 
avoided in pregnancy because they can result in pre- 
mature closure of the ductus arteriosus and premature 
birth. 


Women are encouraged to breastfeed. Oestrogen and 
progesterone stimulate mammary development dur- 
ing pregnancy. These hormones inhibit prolactin. This 
inhibition ceases at delivery. Suckling triggers lactation 
and stimulates the release of more prolactin and oxy- 
tocin, both of which promote production of milk. 

Many women wish to suckle their infant immedi- 
ately after delivery and are encouraged to do so. The 
anaesthetist should know, therefore, if the drugs used 
for obstetric anaesthesia and analgesia are secreted in 
the milk and, if so, whether they are likely to have an 
adverse effect either on the process of lactation itself or 
on the neonate. 

The effects of a drug administered to the mother 
on a breastfeeding neonate are determined by peak 
plasma concentration of the drug, its transfer into 
milk, composition of milk, volume ingested, metabo- 
lism (including first-pass metabolism by the neonate), 
pharmacokinetics and action in the neonate. Many 
studies have relied on assessment of concentration 
of drug in milk with little consideration of resul- 
tant neonatal plasma concentration and the chang- 
ing composition of breast milk. Human breast milk 
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consists of an isosmotic emulsion of fat in water, with 
lactose and protein in the aqueous phase. However, its 
composition varies with time. Colostrum (first milk) 
contains abundant protein and lactose but no fat. It 
has a high pH and specific gravity. Over the following 
7-10 days, milk has less protein, less lactose and more 
fat. Colostrum is more likely to be contaminated by 
water-soluble drugs, whereas lipid-soluble drugs are 
secreted into mature milk. The volume of colostrum 
produced is around 10-120mL, in contrast to inges- 
tion of mature milk by the neonate of 130-180 mL 
kg "day (600-1000 mL day). Even in mature milk, 
there is a significant diurnal variation in composition. 

The maternal concentration of drug presented to 
the breast varies with dose, route of administration, 
volume of distribution, lipid solubility, ionization and 
protein binding. 

The physicochemical properties of a drug which 
determine transfer into the milk are pK,, the partition 
coefficient, degree of ionization and molecular weight. 
The pH of mature human milk is 7.09. Therefore, weak 
acids are less easily transferred than weak bases. 

The total amount of drug contained in the milk de- 
pends on binding to milk protein, partition into milk 
lipid and the quantity which remains unbound in the 
aqueous phase, e.g. lipid-soluble drugs such as diaz- 
epam are concentrated in milk lipid. The dose of drug 
delivered to the neonate from the milk varies with the 
volume ingested. The higher gastric pH, different gas- 
trointestinal flora and slow gastrointestinal transit of 
the neonate influence drug absorption. 

The pharmacokinetics of drugs in the neonate may 
differ markedly from those in adults. Lipophilic and 
acidic drugs are bound to albumin and may displace 
unconjugated bilirubin. Metabolic and excretory path- 
ways are immature so elimination may be delayed. 

(Opioids. Morphine appears safe with conventional 
administration. PCA may increase maternal plasma 
concentration. It is transferred readily to breast milk 
but does not appear to cause neonatal depression, 
possibly because of first-pass metabolism. Codeine 
and dihydrocodeine are metabolized to morphine 
and are not usually associated with neonatal depres- 
sion. Pethidine is associated with neurobehavioural 
depression of the neonate. Short-acting opioids such 
as fentanyl and alfentanil are safe, even by continuous 
epidural infusion. 


The non- 
steroidal anti-inflammatory drugs (NSAIDs) ketoro- 
lac and diclofenac are safe. The neonate has immature 
biotransformation and excretory pathways. Aspirin 
should be avoided because high concentrations have 
been observed following a single oral dose. Neonates 
may be at risk of developing Reye’s syndrome. 

‘Paracetamol. Paracetamol is minimally secreted 
into breast milk. However, it is cleared by the liver 
more slowly than in adults. It is considered safe. 

These drugs are detect- 
able in milk and colostrum. However, the dose re- 
ceived by the neonate after a single induction dose is 
insignificant. 

Diazepam and its metabolites are ex- 
creted in breast milk. As with placental transfer, there 
is the possibility of adverse effects on the neonate, es- 
pecially with continuous administration. 

The amounts excreted 
in breast milk are small or undetectable. 


The detailed pharmacology of the drugs used during 
pregnancy is covered elsewhere in this textbook, but 
the following are of particular relevance to the obstet- 
ric anaesthetist. 


Syntocinon is a synthetic analogue of the posterior 
pituitary hormone oxytocin, which is responsible for 
effective uterine muscle contraction. It is used during 
labour to augment progress, at delivery to aid placen- 
tal delivery and closure of uterine vasculature and in 
the postpartum period to reduce postpartum haem- 
orrhage. For augmentation or induction of labour, 
Syntocinon is usually administered via a syringe or 
volumetric pump using an increasing dose. The usual 
dose at delivery is 5 international units (IU), and 40 IU 
may be infused over 4h to maintain myometrial con- 
traction and reduce bleeding. 

Syntocinon may cause vasodilatation and tachy- 
cardia and so should be administered cautiously in 
the presence of hypovolaemia and in patients with 
significant cardiac disease. Syntocinon also has an 
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antidiuretic hormone effect, so care should be taken if 
infused in dilute dextrose solution, as hyponatraemia 
may occur. 


Carbetocin is a long-acting oxytocin analogue 
which can be given as a single dose to prevent post- 
partum haemorrhage as an alternative to an infu- 
sion of Syntocinon. The optimal dose is probably 
100 ug intravenously at caesarean section. It has a 
plasma half-life between four and ten times that of 
Syntocinon. 


Ergometrine is also given to stimulate uterine con- 
traction, usually in a dose of 500pg. Ergometrine 
causes peripheral vasoconstriction, which may be 
severe, leading to hypertension and pulmonary oe- 
dema; thus it should be avoided in women with hy- 
pertensive disease. It can cause nausea and vomiting 
as a result of its action on other types of smooth mus- 
cle and it is usually reserved for more severe cases of 
uterine atony. 


Syntometrine is a combination of ergometrine 500 pg 
and Syntocinon 5 units. Until recently, it was admin- 
istered routinely by intramuscular injection at the 
delivery of the anterior shoulder to assist in placental 
separation and to reduce postpartum haemorrhage; 
however, Syntocinon alone is now favoured because of 
its reduced side-effect profile. 


Prostaglandins are a group of endogenous short poly- 
peptides with a wide diversity of physiological func- 
tions. Prostaglandins are commonly used to ‘ripen’ the 
cervix on induction of labour but may cause broncho- 
spasm and hypertension. 


Carboprost is prostaglandin F,«. It has an important role 
in the treatment of severe uterine atony unresponsive to 
Syntocinon or ergometrine. It is administered intramus- 
cularly (250 ug). It should not be given intravenously or 
intramyometrially. It may induce bronchospasm and hy- 
pertension and should be avoided in asthmatics. 
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Misoprostol is a prostaglandin E, analogue. It may be 
used to induce labour and is given vaginally. It may be 
given as third or fourth line treatment of postpartum 
haemorrhage (600 ug p.r.). It produces pyrexia, shiver- 
ing, nausea and vomiting, and diarrhoea. 


Dinoprostone is prostaglandin E, which is given as a 
gel, tablets or pessary to induce labour by ‘ripening the 
cervix’ prior to rupture of membranes and intrave- 
nous infusion of Syntocinon. 


Mifepristone (RU486) 


Mifepristone is a prostaglandin antagonist which 
causes luteolysis and trophoblastic separation. It is 
given orally with prostaglandins to induce labour after 
intrauterine death of the fetus and when labour is in- 
duced for a non-viable fetus. It is associated with head- 
ache, dizziness and gastrointestinal upset. 


| 


These act on uterine B,-receptors causing relaxation of 
the myometrium. They can be given orally, subcutane- 
ously or by intravenous infusion for premature labour. 
The effects should be monitored carefully because 
severe tachycardia, hypotension, pulmonary oedema, 
hypokalaemia, and hyperglycaemia may occur. 

The drugs may also be given by intravenous bolus 
injection (salbutamol or terbutaline 100-250 ug) as 
part of an in-utero fetal resuscitation regimen before 
emergency caesarean section. 


Atosiban is an oxytocin antagonist used to decrease 
uterine contractions; it has few side-effects but it is 
expensive. 


GTN acts directly on uterine smooth muscle and can be 
given intravenously (50 ug) or sublingually (200—400 pg) 
to produce rapid but short-term uterine relaxation. It 
can be used as part of intrauterine resuscitation, or in 
cases of uterine hypertonicity, retained placenta and 
uterine inversion. It causes hypotension and headache. 


Indomethacin is an NSAID and a prostaglandin syn- 
thetase inhibitor. It may be given orally or rectally to 
inhibit contractions after cervical circlage. It can cause 
premature closure of the fetal ductus arteriosus and 
therefore should not be used after 32 weeks’ gestation. 


A large number of pregnant women are assessed as 
being ‘low risk’ and are predicted to have a normal 


labour, but the diagnosis of normal labour is retro- 
spective. The descriptors of normal labour are: 


m contractions occurring every 3 min and lasting 45s 

m progressive dilatation of the cervix (approxi- 
mately 1 cm h“) 

m progressive descent of the presenting part 

m vertex presenting with the head flexed and the 

occiput anterior 

labour not <4h (precipitate) or > 18 h (prolonged) 

delivery of a live healthy baby 

delivery of a complete placenta and membranes 

no complications. 


Initially, the cervix effaces (i.e. becomes thin along its 
vertical axis and soft in consistency) and then cervical 
dilatation begins. The rate of cervical dilatation should 
be about 1cm h” for a nulliparous woman and 2cm 
h` for a multiparous woman. It is standard practice 
to examine the woman every 4h, or more frequently 
if there is cause for concern. Routine observations are 
made as per National Institute of Clinical Excellence 
(NICE) guidelines and these are charted on the parto- 
gram (see Fig. 35.7): 


m fetal heart rate (FHR) every 15min 
hourly maternal pulse rate 

blood pressure and temperature 4-hourly 
frequency of emptying of the bladder 
frequency of contractions half-hourly 
vaginal examination offered 4 hourly 


The fetal heart may be monitored intermittently by 
auscultation using a Pinard stethoscope or Doppler 
ultrasound. Continuous electronic fetal monitoring 
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(EFM) can be performed using a cardiotocograph 
(CTG). The fetal heart rate may be recorded using ei- 
ther an abdominal transducer or a clip applied to the 
fetal head. Uterine contractions are also monitored us- 
ing an abdominal transducer. Radiotelemetry is avail- 
able in some units and this allows the woman to be 
mobile while her baby is monitored. 

Indications for continuous EFM include insertion 
of an epidural, meconium-stained liquor, oxytocin for 
augmentation, abnormal FHR on auscultation, mater- 
nal pyrexia, fresh p.v. bleeding and maternal request. 


The second stage of labour starts at full dilatation 
of the cervix and ends at the delivery of the baby. At 
full dilatation of the cervix, the character of the con- 
tractions changes and they become associated with 
a strong urge to push. In normal labour, Ferguson’s 
reflex occurs, in which there is an increase in circu- 
lating oxytocin secondary to distension of the vagina 
from the descending presenting part of the fetus, 
with consequent increased strength of uterine con- 
tractions at full dilatation. Epidural analgesia may 
attenuate the effect of this reflex. The second stage 
of labour may be classified into passive and active 
stages and this is particularly relevant when epidural 
analgesia is used. With epidural analgesia, the la- 
bouring woman does not have the normal sensation 
at the start of the second stage of labour produced 
by Ferguson’s reflex, and therefore the active stage 
of pushing should start only when the vertex is vis- 
ible or the woman has a strong urge to push. If the 
active second stage is prolonged, the fetus may be- 
come acidotic. A diagnosis of delay is made after 2h 
in nulliparous women and 1h in primiparous and 
multiparous women. 


The third stage of labour is the complete delivery of 
the placenta and membranes, and contraction of the 
uterus. It is usually managed ‘actively’ by administer- 
ing an oxytocic (i.m. Syntocinon 5IU) and early cord 
clamping but it may also be managed physiologically 
(no oxytocic and delayed cord clamping). During the 
third stage of labour, there is redistribution of the for- 
mer placental blood flow (about 15% of cardiac out- 
put). This results in an increase in circulating blood 
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volume which is potentially dangerous to women who 
have cardiac disease because it may precipitate heart 
failure immediately postpartum. 


Recent developments have made it possible to assess 
fetal well-being in the antenatal period. An obstetric 
anaesthetist is often involved when a decision to de- 
liver the baby early is made on the outcome of these 
assessments. The most commonly used tests are: 


m serial ultrasonography 
m serial umbilical artery Doppler flow studies 
m cardiotocograph (CTG) monitoring. 


It is important that the anaesthetist communi- 
cates with the obstetrician and understands the degree 
of fetal compromise when asked to give analgesia or 
anaesthesia to these mothers. The degree of urgency 
for the delivery depends on the condition of the fetus. 
Monitoring of the fetus is an important part of intra- 
partum care, as labour is a stressful event for the fetus. 
Fetal well-being may be monitored routinely using the 
following methods: 


fetal heart auscultation 

fetal heart cardiotocography 
colour of the liquor 

fetal blood sampling. 
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The recommended definitions and classifications 
of CTG monitoring are shown in Tables 35.8 and 35.9. 
Opioids or other sedative drugs may cause a flat trace 
with loss of beat-to-beat variability. Any trace which 
causes concern, especially in a high-risk pregnancy, 
is an indication for fetal blood sampling (FBS). FBS 
should be performed in the presence of a pathologi- 
cal CTG unless there is clear evidence of acute com- 
promise (e.g. prolonged deceleration for longer than 
3min), when urgent preparations to expedite birth 
should be made. 

The colour of the liquor may be monitored when 
the membranes are ruptured. The liquor colour is 
observed for the presence of meconium. The appear- 
ance of new meconium may indicate fetal hypoxia, 
because hypoxaemia may cause the fetal anal sphinc- 
ter to relax. If meconium is aspirated into the lungs 
of the neonate, severe lung damage may ensue, and 
therefore a paediatrician should be present at deliv- 
ery if meconium is present. When the fetus becomes 
hypoxic, there is an accumulation of lactic acid and 
a reduction in fetal pH. Fetal blood sampling allows 
more accurate assessment of fetal well-being than is 
afforded by the CTG and should be performed when- 
ever there is anxiety about the CTG or when there is 
meconium in the liquor. Fetal blood sampling should 
be performed in the left lateral position to avoid aor- 
tocaval obstruction. 


TABLE 35.8 


Classification of CTG Trace Features 


Feature Baseline (bpm) Variability (bpm) Decelerations Accelerations 
Reassuring 110-160 >5 None Present 
Non-reassuring 100-109 <5 for 40-90 min Typical variable decelerations The absence of 
161-180 with over 50% of contractions, accelerations with 
occurring for over 90 min otherwise normal trace is 
Single prolonged deceleration of uncertain significance 
for up to 3 min 
Abnormal <100 <5 for 90 min Either atypical variable 
>180 decelerations with over 
Sinusoidal 50% of contractions or late 


pattern> 10 min 


decelerations, both for over 
30 min 

Single prolonged deceleration 
for more than 3 min 
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TABLE 35.9 


Definition of Normal, Suspicious and 
Pathological CTG Traces 


Category Definition 

Normal An FHR trace in which all four features are 
classified as reassuring 

Suspicious An FHR trace with one feature is classified as 


non-reassuring and the remaining features 
are classified as reassuring 


Pathological An FHR trace with two or more features 
classified as non-reassuring or one or more 


classified as abnormal 


Values for fetal pH are as follows: 


= pH >7.25: normal 

m pH 7.21-7.24: borderline result and sampling 
should be repeated 30 min later 

= pH <7.20: abnormal result requiring urgent de- 
livery of the baby. 


Urgency of delivery is guided by the results of fetal 
monitoring and does not fall into the Confidential 
Enquiry into Perioperative Deaths (CEPOD) catego- 
rization for urgency. 

A modification of the previous classification was 
proposed and adopted by the RCoA and the Royal 
College of Obstetricians and Gynaecologists (RCOG) 
in 2010 (Table 35.10). 


The UK National Institute for Health and Clinical 
Excellence (NICE) recommends that “Paired cord 


TABLE 35.10 


A Classification Relating the Degree of 
Urgency to the Presence or Absence of 
Maternal or Fetal Compromise 


Urgency Definition Category 
Maternal or fetal Immediate threat to life of 1 
compromise woman or fetus 

No immediate threat to life 2 

of woman or fetus 

Requires early delivery 3 
No maternal or At atime to suit the woman 4 


fetal compromise and maternity services 


blood gases do not need to be taken routinely. They 
should be taken when there has been concern about the 
baby either in labour or immediately following birth”. 
Umbilical cord blood gases may be of value in auditing 
outcomes of labour and predicting future development 
of the newborn, although opinion on their prognostic 
value varies. If the fetus is deprived of adequate oxygen- 
ation during labour — for example, through placental 
malfunction, cord compression, or excessive uterine 
contractions — anaerobic metabolism is activated and 
lactic acid is produced causing the pH to drop and 
base deficit to increase. Fetuses with limited metabolic 
reserve, such as those that are growth restricted or 
preterm, are less able to withstand the effects of hypox- 
aemia. Umbilical cord arterial blood normally reflects 
fetal acid-base balance while venous blood reflects a 
combination of maternal acid—base status and placen- 
tal function. Both should be taken as it ensures that an 
arterial sample has definitely been obtained. The com- 
bination of results also provides further information. 
A large A-V difference may suggest an acute reduction 
in fetal blood flow whereas both venous and arterial 
acidaemia suggests fetal hypoxia is not acute in onset, 
especially in the case of metabolic acidaemia. 

Physiologically significant values below which 
long-term sequelae are more likely are: 


m Arterial pH <7.00 base deficit >12mmol L~' 
m Venous pH <7.10 base deficit >10mmol L~' 


FEEDING AND ANTACID 
PROPHYLAXIS IN LABOUR 
Mendelson first described the syndrome of aspiration 
of gastric contents in 1946. He described the patho- 
logical changes seen when solid food or liquid gastric 
contents are inhaled during anaesthesia in pregnancy. 
The chemical pneumonitis which resulted from in- 
halation of acidic gastric contents in pregnancy 
prompted a number of recommendations, some of 
which still hold true today, such as increased use of lo- 
cal anaesthesia, alkalinization of stomach contents be- 
fore general anaesthesia and adequate delivery room 
equipment including transparent masks, suction and 
a tilting table. 

Oral intake in labour remains an area of contro- 
versy but can be managed on the basis of risk. Women 


at low risk of intervention are allowed to eat and drink 
while those at ‘high risk’ are allowed only clear fluids 
and are given regular antacids. NICE guidelines on in- 
trapartum care produced in 2007 recommended that 
women may drink during established labour and be 
informed that isotonic drinks may be more beneficial 
than water. Women may eat a light diet in established 
labour unless they have received opioids or they de- 
velop risk factors which make a general anaesthetic 
more likely. 

As it has been shown that acid aspiration causes 
chemical pneumonitis, various methods are used rou- 
tinely to reduce the acidity of the stomach contents. 
This led to the use of non-particulate antacids such as 
0.3 mol sodium citrate 30 mL administered orally less 
than 30min before general anaesthesia. In addition, 
H,-antagonists have now become standard gastric 
acid prophylaxis. NICE guidelines recommend that 
neither H,-receptor antagonists nor antacids should 
be given routinely to low-risk women, but that H,- 
receptor antagonists and antacids should be consid- 
ered for women who receive opioids or who have, 
or develop, risk factors which make a general anaes- 
thetic more likely; for example ranitidine 150 mg may 
be administered orally 6-hourly throughout labour. 
It is routine practice to administer oral ranitidine be- 
fore elective caesarean section, e.g. in two doses — one 
the night before and the second on the morning of 
operation. 


It is only in the last 150 years that effective methods 
of pain relief have been available. Queen Victoria was 
given chloroform by John Snow for the birth of her 
eighth child and this did much to popularize the use 
of pain relief in labour. Many women go into labour 
unaware that they may need pain relief, although 75% 
of first-time mothers experience sufficient pain for 
them to request pain relief. Melzack, using the McGill 
pain questionnaire, found that the pain of labour is 
amongst the most severe in the human experience of 
pain, equivalent to amputation of a digit. Several stud- 
ies have tried to assess the pain of labour. In nullipa- 
rous women Melzack found that 9.2% classified pain 
as very mild, 29.5% mild, 37.9% moderate and 23.4% 
severe. 
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A long, painful labour may lead to an exhausted and 
frightened mother incapable of decision-making. 
Figure 35.8 summarizes the effects of pain. Pain com- 
promises placental blood flow and renders uterine 
contractions less effective. Increased catecholamine 
secretion results in increased arterial pressure and 
myocardial work, and may also compromise blood 
flow to the placenta by peripheral vasoconstriction. 
Activation of the adrenocortical hormones may ad- 


versely affect electrolyte, carbohydrate and protein 
metabolism. 


The ideal analgesic for labour should provide excellent 
rapid-onset pain relief in both first and second stages 
without risk or side-effects to the mother or fetus and 
should also retain the mother’s ability to mobilize and 
be independent during labour. Many women do not 
wish complete pain relief, and therefore the analgesic 
should be easy to control. There is no ideal analgesic 
at the present time, but it is perhaps most closely ap- 
proached by low-dose central neuraxial (spinal or 
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FIGURE 35.8 © The adverse effects of pain in labour on mother 
and fetus. 
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epidural) techniques which provide effective analgesia 
in over 90% of cases while preserving motor function 
to a large degree. Effective epidural (or spinal) anal- 
gesia reverses the adverse physiological effects of la- 
bour pain listed above by blocking the psychological 
and biochemical stress response, resulting in improved 
maternal well-being and placental perfusion. 


Analgesia for labour may be classified broadly into the 
following areas: 


non-pharmacological 
parenteral 
inhalational 

regional. 
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Birth Preparation Classes. In the 1930s, Grantly Dick- 
Read proposed that childbirth may be painless, as it is 
a normal life event, and that society had conditioned 
women to believe that childbirth was painful. He pro- 
posed that education of women about the process of 
labour and delivery and training them in relaxation 
therapy would obviate any need for analgesics. Active 
partner participation was encouraged. 

The goals of childbirth preparation are to inform 
women fully about what to expect in labour and to en- 
hance their ability to cope without analgesia. Fernand 
Lamaze popularized the technique in North America 
and Frederick Leboyer modified the technique to 
suggest birth in quiet conditions with gentle initial 
handling of the newborn. Although there are few con- 
trolled studies on outcome, published observations do 
not indicate any benefits in terms of outcome of la- 
bour and reduced maternal morbidity from childbirth 
preparation. 


Environment and the Management of Labour. 
Continuous support in labour is associated with 
shorter labours and reduced requirement for analge- 
sia. Traditional cultures have always had the support of 
experienced women to be with the woman in labour. 
Midwifery (literally ‘with woman’) has its roots in this 
role of emotional support. There is an increasing trend 
in the US and UK towards the use of professional birth 
partners, or doulas. 
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Mobility in labour is helpful in maintaining the dig- 
nity and independence of the woman, but while it is 
thought to be helpful, there are no randomized, con- 
trolled trials to support the view that pain is easier to 
cope with when ambulant. 

Most would accept that a bath or shower is relax- 
ing, and use of the birthing pool is increasing in popu- 
larity. The evidence regarding the first stage of labour 
suggests a reduction in labour pain and analgesic re- 
quirements with no effect on the outcome of labour or 
neonatal status. 


Transcutaneous Electrical Nerve Stimulation. The 
transcutaneous electrical nerve stimulation (TENS) 
technique is based on Melzack and Wall’s ‘gate control’ 
theory of pain. It involves passage of a small electrical 
current through skin to stimulate the peripheral ner- 
vous system. The TENS electrodes should be applied 
at the appropriate dermatomal levels involved with the 
transmission of pain in labour (see Fig. 35.6). The TENS 
machine then emits a low background stimulus which 
may be boosted with each contraction. There is little evi- 
dence that use of TENS reduces the need for analgesics, 
duration of labour or incidence of instrumental delivery; 
however, it is widely accepted by mothers and midwives 
because of its lack of side-effects on the mother and fetus. 


Complementary Therapies. Hypnosis may provide 
reliable analgesia for a small number of women. 
However, they need considerable antenatal prepara- 
tion and it has not proved suitable on a large scale for 
labour analgesia. 

Acupuncture has only recently received attention 
for labouring women. In volunteer parturients, it was 
found to be ineffective in almost 80% of cases. 

Aromatherapy and reflexology are also practised in 
labour and, although there is no evidence to support 
their use, many women gain emotional support and 
satisfaction from them. 


Many opioids have been used to provide obstetric 
analgesia, but the most popular have been pethidine, 
morphine and diamorphine. Pethidine has become es- 
tablished in obstetric practice without good scientific 
data to support its use, and in the UK two doses of 
100mg may be prescribed for a labouring woman by 


a midwife. Pethidine is given by intramuscular injec- 
tion and the maximum effect is seen about 1h after 
administration. Subcutaneous diamorphine in doses 
of 2.5-10 mg is used increasingly. Diamorphine has a 
more rapid onset of action than pethidine and, when 
the two were compared, diamorphine was found to be 
more likely to provide some pain relief and had a lower 
incidence of nausea and vomiting. However, the anal- 
gesic effects of the opioids are variable and they cause 
significant side-effects including maternal sedation, 
nausea and vomiting, dysphoria and inhibition of gas- 
tric emptying. They may also have adverse effects on 
the fetus (see above) as they freely cross the placenta, 
potentially causing CTG abnormalities and respiratory 
and neurobehavioural depression of the newborn. It is 
standard practice for paediatric staff to be available at 
delivery of an infant whose mother has received pethi- 
dine within 3h of delivery. 

Several intravenous opioids have been used in patient- 
controlled analgesia (PCA) for labour. Remifentanil is 
probably the most suitable in terms of its pharmacologi- 
cal profile, being the most rapidly acting opioid available, 
with the shortest half-life. Various dosing regimens exist, 
for example doses of 30-50 pug with a lockout period of 
2 min. However maternal side-effects still occur, necessi- 
tating close monitoring and continuous one-to-one care. 
In most units, remifentanil PCA is used only if there are 
contraindications to epidural analgesia. 


The ideal inhalational agent should be a good analgesic 
in subanaesthetic doses, have a rapid onset of action 
and recovery, and not accumulate. Nitrous oxide is 
relatively insoluble in blood and has these properties. 
Other anaesthetic agents have been investigated, but so 
far only isoflurane has shown promise and it has been 
used as Isonox (50% nitrous oxide and 50% oxygen 
with 0.2% isoflurane) but is not widely available. In 
the UK, nitrous oxide is supplied as Entonox, which 
is 50% nitrous oxide and 50% oxygen under pressure 
in a cylinder (see Chs 14 and 15). Entonox is admin- 
istered usually via a demand valve with a face mask or 
mouthpiece. Administration needs to be timed for the 
maximum analgesic effect to coincide with the peak 
of the contraction. Most women tend to hyperventi- 
late while breathing Entonox, and therefore there are 
often alternating phases of hyperventilation and then 
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hypoventilation, especially if the Entonox is adminis- 
tered after pethidine. Although Entonox is a reason- 
ably effective analgesic, many women feel faint and 
nauseated and may vomit or become out of control. 


This is described below. 


This is the most effective form of analgesia in labour, 
with up to 90% of women reporting complete or near- 
complete pain relief. However, it is invasive and pa- 
tients require careful monitoring. 


In addition to relief of pain and distress, there are sev- 
eral indications for epidural analgesia which may be 
helpful in securing a good outcome from labour. These 
are summarized in Table 35.11. 


There is a small number of women who, after a careful 
explanation of the risks and benefits of regional an- 
algesia, decide against it, possibly because of medical 


TABLE 35.11 


Indications for Epidural Analgesia 


Maternal request 


Occipito-posterior presentation 


Pregnancy-induced hypertension or pre-eclampsia 


Prematurity or intrauterine growth retardation 


Intrauterine death 


Induction or oxytocin augmentation of labour 


Instrumental or caesarean delivery likely 


Previous caesarean delivery 


Presence of significant concurrent disease (e.g. heart disease, 
diabetes, hypertension) 


Twin pregnancy 


Maternal obesity 
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problems, e.g. complex back surgery. Ideally, discus- 
sions should take place in the antenatal period and 
clear notes should be made in the medical record. 


These may be acquired or congenital. The potential 
to cause bleeding in the epidural space varies widely. 
Epidural haematoma is a serious complication of epi- 
dural analgesia and may cause spinal cord compression 
with resultant paraplegia. Each patient needs careful as- 
sessment of the risks and benefits of administering the 
regional anaesthetic. This assessment may need team 
planning with haematology and obstetric staff. Most 
units have delivery suite guidelines for the common 
problems, e.g. pre-eclampsia, prophylactic heparin, etc. 


Local infection in the area adjacent to the epidural 
site may introduce infection into the epidural space, 
leading potentially to the formation of an epidural ab- 
scess. The presence of systemic infection or systemic 
inflammatory response syndrome (SIRS) may cause 
the epidural catheter to become a focus for develop- 
ment of a local infection. An expert assessment of the 
risk—benefit ratio for using epidural analgesia must be 
made in these circumstances. 


Consent. Information should be given to the woman 
in the antenatal period about regional analgesia and 
anaesthesia. Leaflets, videos and parentcraft classes are 
important in ensuring that women are well informed 
before labour. It is often difficult to explain the risks 
and benefits of epidural analgesia to a woman who 
is distressed and under the effects of pethidine and 
Entonox. However there is a legal, ethical and pro- 
fessional requirement to obtain consent before per- 
forming a procedure on a patient. Women should 
be presumed to have capacity to make these deci- 
sions, including refusal of treatment except in very 
exceptional circumstances. Verbal consent should be 
obtained and the main elements of the discussion 
documented. Essential information should probably 
include partial or complete failure of the technique, 
dural puncture and headache, increased risk of in- 
strumental delivery and neurological complications. 
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Other complications are listed later in this chapter 
and may be discussed if time allows and the patient 
requires. 

A continuous infusion 
of crystalloid should always be started before embark- 
ing on the block. 

Arterial pressure, A baseline arterial pressure value 
is recorded. 

The patient should have recently 
emptied her bladder. 

‘Clothing. The patient should be wearing suitable 
clothing. 

Positioning. The position of the patient is the same 
for epidural, spinal or combined spinal and epidural 
(CSE) block: either the lateral or the sitting position. 
There is no evidence that either position is superior 
and they are compared in Table 35.12. 


TABLE 35.12 


Comparison of Sitting and Lateral Positions 
for Performing Spinal or Epidural Procedures 


Sitting Lying (Left Lateral) 


Advantages 


Can be left unattended 
without risk of fainting 


Midline easier to identify in 
obese women 


Obese patients may find this No orthostatic hypotension 
position more comfortable 
Uteroplacental blood flow 
not reduced (particularly 
important in the stressed 


fetus) 


Disadvantages 


More difficult to find the 
midline in obese patient 


Orthostatic hypotension may 
occur 


Increased risk of orthostatic 
hypotension if Entonox 

and pethidine have been 
administered 


Patient sitting on edge of bed 
may be too far away from a 
small anaesthetist for good 
manual dexterity 


Assistant (or partner) needed 
to support patient 


May be more difficult to 
monitor CTG 


Normal Labour 


In either position, the knees and hips are flexed and the 
neck is flexed on to the chest in order to maximize the 
intervertebral distance. 


Conduct of the Epidural 

1. Epidural, spinal and CSE blocks are performed 
in a strictly aseptic manner. The person per- 
forming the block should scrub up properly and 
wear a hat, mask, and sterile gown and gloves. 
After cleaning the area with iodine or chlorhexi- 
dine, it is important to ensure that there is no 
contamination of the epidural equipment by the 
skin preparation fluid and that the skin is dry 
before the epidural is sited. 

2. Cover the back with sterile drapes. 

3. Identify the bony landmarks. For labour analge- 
sia, intervertebral spaces L2—-5 are the positions 
of choice. The intercristal line found by palpa- 
tion is used to represent “Tuffier’s line’ which is a 
radiological line joining the two iliac crests and 
passing through the spinous process of L4 or the 
L4—5 interspace (Fig. 35.9). However, studies 
have shown that estimation of the intervertebral 
space by palpation often results in the needle 
being inserted at a higher level than anticipated. 


FIGURE 35.9 = The lumbar spine. A line drawn between the 
iliac crests crosses either the spinous process of the L4 verte- 
bra or the L4-LS intervertebral space. 
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Consequently, the clinically palpated intercris- 
tal line should be the upper limit for spinal (but 
not epidural) anaesthesia. Ultrasound can be 
used to identify the appropriate interspace and 
depth of the epidural space, with the desired 
point of needle insertion marked before skin 
preparation and scrubbing up. 


. A skin wheal of local anaesthetic (1% lido- 


caine) is raised at the intended point of inser- 
tion of the Tuohy needle and the superficial 
ligaments in the path of the epidural needle are 
infiltrated. 


. With the bevel cephalad, the Tuohy needle is 


advanced firmly through the skin and subcu- 
taneous tissue until it becomes anchored in 
the superficial ligaments (supraspinous and 
infraspinous). 


. The epidural space is identified by loss of 


resistance to either air or saline. Once in the 
ligament, remove the stilette and attach a 
loss-of-resistance syringe to the Tuohy needle. 
As the Tuohy needle is advanced, the dorsum of 
the hand should be resting on the patient’s back 
in order to control the advance of the needle 
using either intermittent or continuous pres- 
sure on the plunger of the loss-of-resistance 
syringe. This is a tactile technique, whereby 
there is a sudden loss of resistance to injection 
through the gradually advancing needle as it 
passes through the ligamentum flavum into the 
epidural space. The use of air and saline for loss 
of resistance are compared in Table 35.13. Loss 
of resistance to saline has become the standard 
technique. 


. When loss of resistance is confirmed, the dis- 


tance from the skin at which the epidural space 
lies is noted. 


. The plastic catheter introducer is placed on the 


end of the Tuohy needle and the catheter is ad- 
vanced to 15—20cm, at the same time warning 
the patient that she may feel pins and needles in 
one of her legs or her back. The catheter should 
never be withdrawn back through the Tuohy 
needle, because part of it may be sheared off and 
left inside the epidural space. If withdrawal of 
the catheter is necessary, the needle and catheter 
must be removed together. 
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TABLE 35.13 


Comparison of Air and Saline for Loss-of- 
Resistance Technique 


Saline 


Air 


Advantages 


Advantages 


May give a better end-point 
for loss of resistance 


May push the dura away from 
the point of the needle, thus 
reducing the chances of dural 


If fluid appears during 
insertion it can be 
assumed to be CSF until 
proved otherwise 


No dilutional effect; the 
small amount of air used 
does not usually distort 


puncture the tissues 
No possibility of confusion 
with other substances 
Disadvantages Disadvantages 


May be confused with CSF 


Must be filtered to avoid 
introduction of minute glass 
particles 


Dilutes the local anaesthetic 
which is put into the epidural 
space 


Another ampoule is opened, 


thus providing a possibility for 


user error 


Preservative-free saline must 
be used 


Associated with a higher 
incidence of dural 
puncture 


More likely to get a patchy 
block 


More difficult to define the 
point of loss of resistance 
with air than with saline 


9. The Tuohy needle is withdrawn, ensuring that 
the catheter stays in position. The catheter 
is then withdrawn, ensuring that a length of 
3—4 cm remains within the epidural space. 

10. The filter is attached and the catheter is checked 
to ensure that no blood or CSF flows back us- 
ing gravity. A test dose may now be given. 

11. The epidural catheter is fixed. 


Test Dose. The purpose of the test dose is to confirm 
or exclude intravascular or intrathecal positioning of 
the tip of the catheter. However, every dose injected 
through the epidural catheter should be considered a 
test dose because the tip of the catheter may migrate. 
The ideal test dose should allow the anaesthetist to 


detect abnormal positioning rapidly before endanger- 
ing the patient. Hypotension, marked motor block or 
very rapid analgesia within 5 min of a test dose suggests 
intrathecal placement. If inadvertent intravascular in- 
jection occurs, the early signs are circumoral tingling 
and pallor and possibly a metallic taste in the mouth. 
The test dose of local anaesthetic should be that which 
could be given safely for anaesthesia if given intrathe- 
cally, e.g. 10-15 mg of levobupivacaine as a 0.1% or 
0.5% solution. Common practice is to use 10mL of 
levobupivacaine 0.1% with fentanyl 2 ug mL~'. The ad- 
dition of adrenaline 15 1g to the test dose is advocated 
by some for detection of an intravascular catheter. It is 
highly sensitive but only 65% specific. 


Combined Spinal-Epidural for Labour and the 
‘Walking’ Epidural 

This was originally described in 1993 by anaesthetists 
in Queen Charlotte’s Hospital in London. It was used 
to minimize motor block to the extent that a small 
proportion of their patients walked around the deliv- 
ery suite. Some units use CSE routinely for labour an- 
algesia, but in most it is reserved for women in whom 
rapid onset of analgesia is desirable. 


Technique. The Tuohy needle is advanced to iden- 
tify loss of resistance in the lumbar region (as for an 
epidural). Then, a 24-27 gauge 120-mm long pencil- 
point needle is advanced through the Tuohy needle 
to puncture the dura, and an intrathecal injection of 
1 mL of bupivacaine 0.25% with fentanyl 25 ug is given. 
This has now been modified to use a larger volume of 
low-dose mixture such as 3-3.5mL of levobupiva- 
caine 0.1% and fentanyl 2ugmL™. The spinal needle 
is withdrawn and the epidural catheter is inserted and 
left in place as before. The intrathecal injection usu- 
ally produces a rapid onset of analgesia (<5 min) and 
approximately 70% of patients have normal or near- 
normal leg power and can walk. The intrathecal injec- 
tion has an analgesic duration of the order of 90 min, 
after which the epidural component of the CSE is used, 
usually starting with a 10-15 mL bolus of bupivacaine 
0.1% with fentanyl 2ugmL~”, without a test dose, as 
described above. Similar degrees of mobility have 
been achieved using epidural boluses or infusions of 
low-concentration bupivacaine and fentanyl mixtures 
without the need for the initial intrathecal injection. 


Assessment. The preservation of motor function and 
reduced need for bladder catheterization have in- 
creased maternal satisfaction with epidural analgesia, 
although there have been concerns that propriocep- 
tion may be affected even with this low dose of local 
anaesthetic, potentially making walking hazardous. 
The medicolegal position of the anaesthetist in the 
event of a fall of a parturient during a walking epidural 
is unclear. Nonetheless, if visual and vestibular func- 
tions are intact, proprioceptive impairment seems to 
have a minimal effect on walking. Many parturients do 
not wish to walk and, moreover, clinical trials to date 
have not shown that walking significantly alters out- 
come of labour. 


Management of the Labouring Woman 
with Epidural Analgesia 


Posture 


A labouring woman who wishes to remain supine 
should be positioned with at least a 15° left lateral tilt 
to prevent aortocaval compression; alternatively, and 
preferably, she may sit upright at an angle of 45° or 
more. The weight of the gravid uterus compresses 
the vena cava and aorta against the vertebral bodies, 
thereby restricting blood flow. The reduction in sys- 
temic vascular resistance in women with epidural an- 
algesia decreases the ability of the woman to maintain 
her arterial pressure, and therefore she is more likely 
to faint. In addition, the lumbosacral spine should be 
supported, as the epidural may allow unnatural posi- 
tions to be adopted, which would usually produce dis- 
comfort in the back. Prolonged abnormal posture may 
contribute to low back pain after the epidural has worn 
off; in the past, this has been ascribed incorrectly to the 
epidural itself. 


Monitoring of Mother and Baby 


Routine monitoring of the mother and fetus is docu- 
mented on the partogram as described previously (see 
Fig. 35.7). NICE guidelines recommend continuous 
EFM for at least 30min during establishment of re- 
gional analgesia and after administration of each fur- 
ther bolus of 10 ml or more. 

Analgesia for the first stage of labour requires a 
sensory block extending from T10 to L1, while for 
the second stage, a block from S2 to S5 is desir- 
able. The aim is to provide effective analgesia with 
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minimal side-effects. Local anaesthetics injected 
into the epidural space affect all nerves to some 
degree, in the following order: sympathetic fibres, 
pain fibres, proprioception fibres and finally mo- 
tor fibres. The volume of local anaesthetic solution 
governs the spread of the block, whereas the con- 
centration of local anaesthetic governs the density 
of block, with an increased risk of motor block at 
higher concentrations. 


Maintenance of Analgesia 


Epidural analgesia for labour may be maintained by 
the following methods. 


Repeated Bolus Administration. After the first dose 
has been given by the anaesthetist, boluses are usually 
administered as required by a midwife trained in the 
use of epidural analgesia. The volume and concentra- 
tion need to be high enough to provide adequate anal- 
gesia, but large volumes may cause too great a spread 
of block, with attendant toxicity and hypotension. 
Bupivacaine 0.25% given in 5-10mL boluses was 
standard practice until relatively recently but in most 
units this has been replaced by the use of more dilute 
mixtures using 0.1% bupivacaine, levobupivacaine or 
ropivacaine and 2p.gmL" fentanyl in 10—-15mL bo- 
luses. The lower concentration of local anaesthetic 
reduces the incidence of hypotension and increases 
the ability of the woman to mobilize. The disadvan- 
tage of boluses is the possibility of intermittent pain if 
top-ups are not administered at appropriate intervals 
and the requirement for two midwives to check and 
administer each top-up can cause problems on busy 
delivery suites. 


Continuous Infusion by Syringe Pump. A mixture of 
local anaesthetic and fentanyl is infused epidurally at a 
constant rate (e.g. levobupivacaine 0.1—0.125% or rop- 
ivacaine 0.1% containing fentanyl 2g mL” at a rate of 
10mL h“). The sensory level and the analgesia should 
be checked regularly to maintain good pain relief. The 
infusion method is indicated particularly when there is 
a need for cardiovascular stability (e.g. the patient with 
cardiac disease or pre-eclampsia). It is associated with 
the administration of greater amounts of local anaes- 
thetic solution and increasing motor block as labour 
progresses. 
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Patient-Controlled Epidural Analgesia (PCEA). This 
involves establishing analgesia with an initial bolus 
dose and maintaining analgesia by allowing the pa- 
tient to self-administer boluses of analgesic solution as 
required by depressing a button on a computer-con- 
trolled volumetric syringe. There may or may not be a 
low-dose background infusion, although background 
infusion does not improve the effectiveness of the epi- 
dural. The advantage of this method is that it gives 
more control to the patient. 


Problems Maintaining Epidural Analgesia 


Epidural is not effective. If the epidural is not provid- 
ing good analgesia within 15-20 min with 15mL of 
bupivacaine 0.1% and fentanyl 2ugmL~” or 10mL of 
bupivacaine 0.25%, the catheter is probably not central 
in the epidural space and it should be partially with- 
drawn. If this fails, it should be re-sited. 

Missed segment or unilateral block. Groin pain is 
the most common manifestation of a missed segment, 
i.e. L1, and it is important to ensure that the bladder 
is empty and the block is not unilateral. A bolus of di- 
lute levobupivacaine and fentanyl or a small bolus, e.g. 
5 mL of levobupivacaine 0.25%, often provides analge- 
sia. If there is persistent groin pain between contrac- 
tions, the possibility of uterine dehiscence should be 
excluded. 

Hypotension. If the patient feels faint or her arterial 
blood pressure decreases, she should be turned on to 
her side to exclude aortocaval compression. Intravenous 
fluids and oxygen should be administered while ex- 
tensive regional block is excluded. Catheter migration 
may occur and an accidental spinal may manifest itself 
at any stage of the epidural. If hypotension persists, 
ephedrine or phenylephrine should be administered. 


REGIONAL ANAESTHESIA FOR THE 
PARTURIENT 


The common indications for anaesthesia for par- 
turients are caesarean section, forceps delivery, re- 
tained placenta and repair of trauma to the birth 
canal. Regional anaesthesia is the technique of choice. 
Anaesthesia is discussed under the following headings: 


m elective caesarean section 
m emergency caesarean section 


forceps and Ventouse delivery 

retained placenta 

trauma to the birth canal 

post-delivery analgesia 

complications of regional anaesthesia and anal- 
gesia in obstetrics. 


Elective Caesarean Section 


Regional anaesthesia is the technique of choice for elec- 
tive caesarean section. Although most women present- 
ing for elective caesarean section expect to be awake for 
the delivery of their baby, they still need careful preop- 
erative explanation of the procedure with discussion 
of the risks. Many hospitals admit women on the day 
of surgery and it may be difficult to give sufficient time 
to the preoperative visit. Consequently, it is advisable 
to have an information sheet for the woman before ad- 
mission to hospital. As a minimum, the woman should 
be informed about partial or complete failure of the 
regional technique, the possibility of discomfort, pain 
and conversion to general anaesthesia, and the risk of 
neurological damage. Other side-effects which should 
be discussed are hypotension, post-dural puncture 
headache, motor block, and nausea and vomiting. The 
techniques available are: 


m spinal anaesthesia 
m epidural anaesthesia 
m combined spinal-epidural anaesthesia. 


Spinal anaesthesia is the most popular choice for 
elective caesarean section, with increasing popularity 
of the CSE technique. 


Spinal Anaesthesia 


Most spinal anaesthetics are performed with the pa- 
tient on the operating table because this reduces the 
need to move the patient after establishment of the 
block. The following points are mandatory: 


routine pre-anaesthetic equipment check 
monitoring of arterial pressure, ECG and oximetry 
intravenous infusion of crystalloid 

vasopressor available (phenylephrine is now the 
preferred choice) 

m aseptic technique. 


Ensure that drugs are available for the administra- 
tion of general anaesthesia. 


Spinal anaesthesia may be performed with the pa- 
tient in either the sitting or the lateral position, curled 
up as for performing epidural block. The choice of 
needle is important to minimize the incidence of post- 
dural puncture headache; a pencil-point needle is 
preferred. It is important to remember that the spinal 
cord ends around L2 in a normal adult, so the spinal 
needle should be inserted at L3/4 or below. It has been 
shown that anaesthetists commonly misjudge the level 
at which they insert the spinal needle and are more of- 
ten cephalad of the desired space. Spinal cord trauma 
and associated chronic neurological deficit may result 
from inadvertently cephalad insertion of a spinal nee- 
dle. Therefore, the appropriate interspace should be 
chosen with care. Ultrasound can be used to guide this. 

After infiltration of the skin and subcutaneous tis- 
sues with local anaesthetic, the spinal needle intro- 
ducer is inserted, followed by the spinal needle, and 
the chosen local anaesthetic is injected when free flow 
of cerebrospinal fluid (CSF) is identified. If a spinal 
nerve is touched, the patient experiences excruciating 
pain radiating along the route of that nerve. The spi- 
nal needle must be removed and the patient reassured. 
The same applies if the patient feels pain on injection. 
Local anaesthetic must not be injected if there is any 
possibility of it being given into a nerve as this may 
cause permanent neurological damage. 

Hyperbaric bupivacaine 0.5% is the drug of choice 
and 2.5mL (12.5mg) is usually sufficient. An opioid 
should be added to the local anaesthetic because this 
improves the quality of anaesthesia and provides post- 
operative analgesia. Fentanyl 25 ug, morphine 0.1 mg 
or diamorphine 0.25—0.4mg may be used. NICE rec- 
ommends diamorphine 0.3—0.4mg although 0.25 mg 
may be an easier amount to prepare, especially in an 
emergency. Epidural and spinal opioids may cause 
delayed respiratory depression and therefore women 
should be monitored appropriately postoperatively. 
All drugs injected into the epidural space or the CSF 
should be in preservative-free solution. Arterial pres- 
sure should be measured at frequent intervals and the 
patient placed supine, ensuring that aortocaval com- 
pression is prevented by lateral tilt. The block should 
be tested for loss of sensation to a combination of cold 
and touch. It is good practice to test the block from the 
sacral roots to the thoracic dermatomes, even though 
it is unusual for a spinal block to be patchy or to miss 
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the sacral roots. The height of the block should be T4 
bilaterally to cold and T5 to touch. The level of sensory 
block as well as the degree of motor block should be 
documented. 

Hypotension is treated with phenylephrine in 
boluses of 0.1mg. Phenylephrine has now replaced 
ephedrine as the preferred vasopressor in obstetric 
anaesthesia because it has been shown that ephedrine 
causes a decrease in umbilical arterial pH and hence 
neonatal pH. There is increasing evidence for the ben- 
efits of a prophylactic phenylephrine infusion to pre- 
vent hypotension after spinal anaesthesia for caesarean 
section. A suggested regimen starts at 100 pg min and 
the infusion is then titrated according to the blood 
pressure. 

Surgery can start when the anaesthetist is happy that 
there is good anaesthesia. Peritoneal traction and swab- 
bing of the paracolic gutters are the most stimulating 
parts of the operation and the times when pain or dis- 
comfort is most likely to be experienced. Exteriorization 
of the uterus is to be discouraged because this is chal- 
lenging even to the most perfect block. Pain or dis- 
comfort should be treated promptly. Nitrous oxide, 
ketamine and/or small doses of a rapidly-acting intra- 
venous opioid such as alfentanil are all useful to control 
breakthrough pain. If the pain is severe, general anaes- 
thesia should be offered and administered if appropri- 
ate. Syntocinon 5IU as a bolus is normally administered 
intravenously after the delivery of the baby to assist 
myometrial contraction. Routine postoperative care 
should take place in a well-equipped recovery area. 


Epidural Anaesthesia 


Epidural anaesthesia was generally the regional anaes- 
thetic of choice until pencil-point spinal needles were 
introduced. The disadvantages of epidural anaesthe- 
sia are that the onset of the block is slower than that 
for spinal anaesthesia and that the spread of the block 
may be patchy, often giving poor anaesthesia of the 
sacral roots. The cardiovascular stability which can be 
achieved with an epidural anaesthetic is excellent and 
this implies that the technique may be considered the 
anaesthetic of choice in patients with heart disease or 
pre-eclampsia. When the epidural catheter is in place, 
anaesthesia can be achieved by local anaesthetic, often 
combined with an opioid. Epidural anaesthesia for 
caesarean section is most commonly used when there 
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is already an epidural catheter in situ for labour anal- 
gesia and the epidural is ‘topped up’. 

The following are standard prescriptions for an epi- 
dural anaesthetic: 


m bupivacaine or levobupivacaine 0.5% 15-20 mL 
with 1 in 200000 adrenaline — this should be 
given in divided doses 

m lidocaine 2% 15-20 mL with 1 in 200 000 adrena- 
line — this should be given in divided doses 

m a combination of bupivacaine and lidocaine 

m addition of 2 ml of sodium bicarbonate 8.4% to a 
20-ml top-up mixture (lidocaine+bupivacaine) 
is advocated by some and may speed onset 

m fentanyl 50 ug at establishment of anaesthesia or 
diamorphine 2.5mg after delivery may be ad- 
ministered in addition to the local anaesthetic 
and has been shown to improve the quality of the 
anaesthesia 

m ropivacaine 0.75% 10-15 mL 


It is essential to test the block by testing each der- 
matome in a systematic way from the thoracic level 
down to the sacral roots to ensure that good anaesthe- 
sia has been produced before surgery starts. 


Combined Spinal-Epidural Anaesthesia 


There are various techniques for CSE, although the 
‘needle through needle’ technique described above is 
probably the most popular. A full description of the 
other techniques is outside the remit of this chapter. 
The CSE allows increased flexibility by combining 
epidural and spinal blocks. The spinal anaesthetic is a 
single-shot technique and while most of the time this 
is no problem, delay in starting surgery or a difficult, 
long operation may result in failure of the block. The 
epidural may not achieve such profound or rapid an- 
aesthesia, although it has the advantages of flexibility 
and cardiovascular stability. 

In the CSE technique, the spinal is usually con- 
ducted using the same dose of drugs as listed in the 
spinal section and the epidural is placed as ‘insur- 
ance’. The CSE may also be used as a sequential block, 
with a smaller intrathecal dose of local anaesthetic 
being given (e.g. 5—7.5mg of bupivacaine), followed 
by an epidural top-up to achieve full anaesthesia. 
This method provides greater cardiovascular stabil- 
ity because the onset of the block is slower, while an 


excellent sacral block is achieved with the spinal anaes- 
thetic. This technique has extended the use of regional 
anaesthesia in pre-eclampsia. 


Emergency Caesarean Section 


Regional anaesthesia has increased in frequency for 
emergency caesarean section partly because of the in- 
creased use of spinal anaesthesia and the use of epi- 
dural analgesia in labour. 


Topping up an Existing Epidural 

A labour epidural may be topped up to achieve an- 
aesthesia within 10—20 min using the prescriptions 
described previously under epidural for elective caesar- 
ean section. The epidural should be topped up incre- 
mentally while the patient is monitored continuously. 
Between 10 and 20 mL of local anaesthetic solution are 
usually needed. While the epidural is being topped up, 
it is important to explain what is going to happen, to 
ensure that the woman understands what she is likely 
to feel and that help is available if pain or discomfort is 
experienced. There is some controversy over where the 
top-up should be administered; if started in the labour 
room, the anaesthetist must stay with the patient con- 
tinuously and monitor her closely. 


Spinal Anaesthesia for an Emergency 


Spinal anaesthesia is to be encouraged for the woman 
who has no epidural in situ and who requires an emer- 
gency caesarean section. There are times when general 
anaesthesia is indicated, but these decrease as expe- 
rience with spinal anaesthesia increases. Spinal an- 
aesthesia may be used in the same manner as for an 
elective caesarean section; however, it is important to 
explain the procedure to the woman as fully as possible 
in the time available and to be present after the caesar- 
ean section to provide a better retrospective explana- 
tion of events. Follow-up is particularly important in 
the emergency situation. Continuous communication 
with the obstetric team is vital to ensure that they are 
happy with the state of the fetus, and the anaesthetist 
must be prepared to abandon the procedure and give a 
general anaesthetic if the obstetric team are concerned. 

‘Rapid-sequence spinal anaesthesia’ has been re- 
cently described; this aims to reduce some of the steps 
in the procedure and decrease the time taken, thereby 
increasing access to spinal anaesthesia in an emergency. 


The technique is controversial as its proposers advo- 
cate reduced aseptic precautions. Again, continuous 
communication is vital. 


Forceps and Ventouse Delivery 


Surgical anaesthesia is required for any operative deliv- 
ery, except for a simple ‘lift-out’ by forceps or Ventouse. 
For a simple lift-out, the labour epidural should be well 
topped up. Ideally, time to achieve good perineal anaes- 
thesia should be allowed before the woman is placed 
in the lithotomy position for the assisted delivery. 
Bupivacaine 0.5% or lidocaine 2% with adrenaline 1 in 
200000 in a dose of around 10 mL is appropriate. If the 
delivery is more complex than a simple lift-out, surgical 
anaesthesia is required. It is preferable to deliver such 
patients in the operating theatre where caesarean sec- 
tion may be performed if there is any doubt about the 
ability to deliver the baby vaginally. Severe fetal distress 
may occur during attempted instrumental delivery, 
requiring immediate caesarean section. Therefore, the 
anaesthetist should prepare (and assess) the anaesthetic 
as if for caesarean section using any of the prescriptions 
for caesarean delivery (spinal, CSE, epidural) described 
above. 


Retained Placenta 


Regional anaesthesia may be used for manual removal 
of retained placenta after a careful assessment of blood 
loss. It is easy to underestimate the blood loss if there 
has been a continuous trickle of blood for some time. 
If the woman is not significantly hypovolaemic, the 
anaesthetic of choice is a spinal, unless there is an epi- 
dural in situ. Both techniques should provide good 
surgical anaesthesia with a block extending from at 
least T10 to the sacral roots. 


Repair of Trauma to the Birth Canal 


The anaesthetist is often asked to provide anaesthe- 
sia for the repair of birth trauma. The full extent of 
the damage may not be known as it may not be pos- 
sible to examine the woman without anaesthesia. The 
trauma may be extensive and involve disruption of the 
anal sphincter, which is classified as a third-degree tear. 
There may be considerable blood loss and it is impor- 
tant to assess this before performing regional anaes- 
thesia. If there is an epidural in situ, this can be topped 
up for the repair. If there is no epidural, then a spinal 
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anaesthetic is the technique of choice. Hyperbaric 
bupivacaine 0.5% in a volume of 1.5 mL provides good 
sacral analgesia. 


Post-Delivery Analgesia 


The anaesthetist is usually involved in the continuing 
care of the woman after delivery and this includes the 
provision of pain relief for: 


m normal delivery 

m tears 

m forceps and Ventouse 
m caesarean section. 


Normal Delivery 


The pain experienced after a normal delivery is caused 
mainly by uterine contractions and also bruising of the 
perineum. Simple analgesia in the form of paracetamol 
is usually adequate, although if there is severe bruising 
of the perineum, NSAIDs are helpful, e.g. diclofenac 
suppositories. 


Tears and Episiotomy 


After the repair of an episiotomy or tear, there may be 
considerable pain which needs more than simple an- 
algesia. NSAIDs provide excellent analgesia for most 
women. If the woman has had a third-degree tear re- 
paired, she may often have had a regional anaesthetic 
for the repair, and the use of epidural or intrathecal 
opioids provides good postoperative analgesia, par- 
ticularly if combined with rectal diclofenac. 


Forceps and Ventouse Delivery 


An episiotomy is usually performed to facilitate the 
forceps or Ventouse delivery and this may be extensive; 
therefore, pain management as above is appropriate. 


Caesarean Section 


The extensive use of regional anaesthesia for caesar- 
ean section has led to intrathecal and epidural opioid 
analgesia becoming routine practice in most units. 
Combined with NSAIDs, paracetamol and other 
simple analgesics, this enables women to mobilize 
early after caesarean section. It is prudent to have 
clear postoperative guidelines for the care of women 
in the postoperative period and these should include 
use of sedation scores. Women who are unable to have 
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NSAIDs do not have such good pain control. Women 
who have had the caesarean section under general an- 
aesthesia may be managed with PCA using morphine 
in the same way as other postoperative patients. This is 
combined with NSAIDs where appropriate. 

Transversus abdominis plane (TAP) blocks may be 
beneficial for women who have had a caesarean sec- 
tion under general anaesthesia but there is little evi- 
dence to support their use in addition to intrathecal/ 
epidural opioids. TAP blocks are performed under 
ultrasound guidance using approximately 20mL of 
local anaesthetic (levobupivacaine or ropivacaine) on 
each side. 


Complications of Regional Anaesthesia 
and Analgesia in Obstetrics 


Although regional anaesthesia is now very safe and ef- 
fective, all procedures have potential complications. 


Shearing of the Epidural Catheter 


An epidural catheter should not be withdrawn through 
a needle as this may damage or shear the catheter. Any 
sheared portion of catheter is inert and sterile and thus 
unlikely to cause a problem, but a full account should 
be made in the medical record. 


Post-Dural Puncture Headache 


The incidence of post-dural puncture headache 
(PDPH) is 0.5-1% and is often higher in teaching 
hospitals. It may occur at the time of insertion of the 
epidural needle or be caused later by migration of the 
catheter into the intrathecal space (usually because 
of a defect in the dura caused during insertion of the 
needle). The clinical presentation is of an occipital 
headache which may radiate anteriorly, aggravated by 
sitting and possibly associated with nausea, distorted 
hearing, photophobia and, rarely, diplopia resulting 
from stretching of the sixth cranial nerve as it passes 
through the dura. The differential diagnoses of menin- 
gitis, subarachnoid haemorrhage, sagittal sinus throm- 
bosis and cerebral space-occupying lesions should be 
considered and excluded by history and simple clinical 
examination. 


Management of Dural Puncture and PDPH. Appro- 
ximately 75% of women who receive a dural puncture 
with a 16-18G Tuohy needle will suffer from PDPH. 
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If dural puncture is recognized at the time (clear fluid 
flowing from the Tuohy needle), there are two options. 


m The epidural can be performed in an adjacent 
interspace. After insertion, all drugs should be 
given cautiously because some local anaesthetic 
may migrate intrathecally. 

m The epidural catheter can be threaded into the 
intrathecal space. The catheter must be clearly la- 
belled as a spinal catheter. Analgesia is provided 
using intermittent intrathecal top-ups, for ex- 
ample bupivacaine 2.5 mg. All top-ups must be 
administered by an anaesthetist. Consideration 
should be given to leaving the catheter in place 
for 24h after delivery because this may reduce 
the incidence of PDPH. However, the risks and 
benefits of this approach must be considered. 


All women who have had a dural puncture must 
be visited by an anaesthetist following delivery and 
evidence of symptoms and signs of dural puncture 
as listed above should be sought. Prophylactic bed 
rest and an epidural infusion of saline are no longer 
recommended. Oral fluids should be encouraged to 
prevent dehydration, and simple analgesics should be 
prescribed. If conservative management fails to pre- 
vent the appearance of PDPH, then a number of other 
forms of treatment have been suggested. 


m Caffeine produces cerebral vasoconstriction and 
oral intake may provide symptomatic relief. The 
use of intravenous caffeine is now uncommon. 

= Antidiuretic hormone may relieve symptoms by 
an unknown mechanism. 

m Corticotrophin and sumatriptan have both been 
used but are probably ineffective. 

= Epidural blood patch (EBP) is the definitive treat- 
ment of dural puncture. A sample of the patient’s 
own venous blood is collected under aseptic con- 
ditions and injected into the same interspace at 
which the dural puncture occurred, or an adjacent 
interspace, to seal the CSF leak. It is about 75% 
effective (although the quoted range is 70-98%). 
The procedure may be repeated. In some centres, 
a prophylactic blood patch is performed using the 
re-sited epidural catheter at the end of labour in 
an effort to reduce the risk and duration of PDPH, 
although there is limited evidence to support this. 


Backache 


Backache is common after childbirth, and affects 50% 
of women at some stage in pregnancy. An anaesthetist 
is often called to assess patients with backache if they 
have received an epidural. Insertion of an epidural 
catheter may contribute to short-term acute back pain 
if it causes: 


m an epidural haematoma 
m an epidural infection causing abscess or meningitis 
m local bruising from poor technique. 


However, long-term backache is not caused by epi- 
dural anaesthesia, and has been demonstrated clearly 
in two prospective studies of over 1000 obstetric pa- 
tients who were followed up on the day after deliv- 
ery and 3 months later. The incidence of new-onset 
backache was of the order of 40-50%, but there was 
no difference in the incidence of backache at 3 months 
between those who had received an epidural and those 
who had not. There was a trend towards a slightly 
higher chance of back pain on day 1, explained by mi- 
nor local trauma. 


Bloody Tap 


Cannulation of an epidural vessel may occur with either 
the needle or catheter when performing an epidural. It 
is important because, if undetected, it can result in in- 
travascular injection and thus local anaesthetic toxic- 
ity. If blood flows from the needle, the needle must be 
withdrawn. If blood is aspirated from the catheter, it 
should be withdrawn incrementally and flushed with 
saline until aspiration of blood is no longer possible, 
ensuring there is still sufficient epidural catheter within 
the epidural space. If not, it should be re-inserted. 

An epidural catheter may be positioned with its tip 
inside a blood vessel in the absence of a bloody tap, 
and a test dose should always be used. 


Epidural Haematoma 


This is a very rare (1 in 168000) but potentially disas- 
trous complication. The signs of an epidural haema- 
toma are: 


m new-onset, severe back pain 

= prolonged, profound motor weakness >6h after 
the last top-up or cessation of an infusion 

= sudden onset of incontinence. 
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An immediate MRI scan should be undertaken 
to confirm the diagnosis, and neurosurgical evacu- 
ation of the haematoma within 8h of the onset of 
symptoms usually results in a good outcome. Delay 
in recognition and treatment can result in permanent 
paraplegia. 


Epidural Abscess or Meningitis 


These conditions are rare (1 in 160000). An abscess, as 
with a haematoma, may give rise to a space-occupying 
lesion in the epidural space, resulting in compression 
of the spinal cord and its nutrient arteries, leading to 
paraplegia. Meningitis may occur as a complication 
of regional techniques and may be bacterial, viral or 
chemical. It is essential that a good aseptic technique 
is used when regional blocks are inserted and that 
meningitis is excluded in the differential diagnosis of 
headache. 


Systemic Local Anaesthetic Toxic Reaction 


This is a result of a high blood concentration of lo- 
cal anaesthetic, caused either by a total dose greater 
than the body’s ability to metabolize it, by too rapid 
administration or by inadvertent intravascular injec- 
tion. All labour suites should have Intralipid readily 
available for treatment of local anaesthetic toxicity. 
Local anaesthetic toxicity is described in Chapters 4 
and 24. 


Hypotension 


Hypotension is usually defined as a 25% decrease 
in systolic or mean arterial pressure or an abso- 
lute decrease in systolic pressure of 40 mmHg. Small 
decreases in pressure are insignificant and may be as- 
sociated with improved uteroplacental blood flow, if 
due to vasodilatation. Rapidly developing hypotension 
after spinal anaesthesia may cause unpleasant dizziness 
and nausea in about 50% of patients if no prophylaxis 
is given, and should be treated with phenylephrine un- 
til arterial pressure is restored, while at the same time 
maintaining normovolaemia and ensuring that there 
is no aortocaval compression. 


Neurological Deficit 


Neurological deficit may be caused by the drugs used 
for the procedure or by trauma from the needles or 
catheter. The incidence of temporary nerve damage 
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is approximately 1 in 1000, permanent nerve dam- 
age (more than 6 months’ duration) occurs with an 
incidence of approximately 1 in 13000 and the inci- 
dence of severe injury including paralysis is about 1 
in 250000. When neuropraxia due to injury with the 
epidural needle or catheter occurs, reassurance may 
be given that these symptoms usually resolve over 
3-6 months, but patients should be followed up on 
an outpatient basis. Several peripheral nerves may be 
injured during delivery and falsely attributed to the 
epidural: 


m common peroneal nerve by stirrups, causing foot 
drop 

m lateral cutaneous nerve of the thigh by groin 
pressure from the lithotomy position, causing 
anterolateral thigh numbness 

= femoral nerve or sciatic nerve by the lithotomy 
position, causing weak quadriceps with loss of 
knee reflex or pain in the back of the leg with loss 
of ankle reflex, respectively 

m sacral plexus and obturator nerves — these cross 
the pelvic rim and rarely may be damaged by oc- 
cipital presentation or forceps delivery. 


Arachnoiditis and Cauda Equina Syndrome 


Inflammation of the arachnoid membrane, caused by 
chemical toxins (wrong substance injected) or infec- 
tion, usually presents as intractable back pain, poten- 
tially leading to permanent neurological damage. It 
can be caused by antiseptic solutions, so extreme care 
must be taken when preparing for regional analgesia/ 
anaesthesia to ensure that there is no contamination 
of the equipment with antiseptic solution. It is ex- 
tremely rare. 

Cauda equina syndrome can occasionally be con- 
fused with arachnoiditis. It results from damage to the 
lumbosacral nerve roots, for example secondary to 
high concentrations of local anaesthetic (especially li- 
docaine) and presents soon after regional anaesthesia. 
Although rare, it can cause permanent neurological 
damage. 

As any complications may have medicolegal impli- 
cations, it is important to: 


= document the problem at the time 
m explain the problem to the patient and relatives 
m ensure consultant involvement. 


Effect on Labour and Mode of Delivery 


Epidural analgesia for labour has been shown to pro- 
long the second stage of labour by 15.5 min in a 2005 
Cochrane review of epidural versus non-epidural an- 
algesia for labour but the clinical significance of this is 
unclear. It also increases the rate of instrumental deliv- 
ery although this risk may be reduced by low-dose epi- 
dural techniques. Epidural analgesia does not increase 
the incidence of caesarean section or the length of the 
first stage of labour. 


GENERAL ANAESTHESIA FOR THE 
PARTURIENT 


Since the 1960s, the triennial UK maternal mortality 
report (currently termed ‘Saving Mothers Lives’) has 
provided an audit of obstetric and anaesthetic prac- 
tice. Recent reports have demonstrated decreasing 
numbers of deaths from anaesthesia. The increasing 
safety of anaesthesia in obstetrics is the result of many 
factors: 


m increasing use of epidural analgesia in labour 

m increasing use of regional anaesthesia for opera- 
tive delivery 

m increase in dedicated consultant obstetric anaes- 
thetic sessions 

m improved teaching of obstetric anaesthesia 

m improved assistance for the anaesthetist. 


Deaths caused by anaesthesia generally result from 
hypoxaemia and/or acid aspiration associated with a 
failure to intubate the trachea and difficulty in main- 
taining the airway during general anaesthesia (GA). 
Successive enquiries continue to report deaths due to 
general anaesthesia. In the 2006-2008 report, there was 
one death due to failed tracheal intubation; there were 
successive attempts to intubate the trachea even though 
the patient was being oxygenated adequately using an 
intubating laryngeal mask airway and then there was 
unrecognized oesophageal intubation. Recent surveil- 
lance of failed tracheal intubation for obstetric general 
anaesthesia conducted through the United Kingdom 
Obstetric Surveillance System (UKOSS) between 
April 2008 and January 2010 identified 51 women in 
an estimated 1.4 million maternities, giving an esti- 
mated rate of failed intubation of 36 cases per million 


maternities. In the 2006-2008 CMACE report, there 
was also a death due to aspiration of gastric contents 
at extubation in a patient known to have a full stom- 
ach. General anaesthesia in the parturient is more than 
16 times more likely to result in death than a regional 
anaesthetic. The reducing use of general anaesthesia in 
obstetric anaesthesia further exacerbates this problem 
by decreasing experience of a technique that may be 
required in an emergency. 

However, general anaesthesia continues to be re- 
quired in the following situations: 


m in an extreme emergency, e.g. severe fetal distress 
or maternal haemorrhage 

= when there is a contraindication to regional 
anaesthesia 

= when the patient refuses to have a regional an- 
aesthetic; this may be because of a previous bad 
experience with regional anaesthesia 

= if regional anaesthesia has failed or is inadequate 


In 2001 The National Sentinel Caesarean Section 
Audit found that 33% of emergency and 9% of elective 
caesarean sections were performed under general anaes- 
thesia in the UK. The main anaesthetic considerations 
are the risk of aspiration of acidic gastric contents (as 
little as 25mL with pH <2.5 may lead to a 50% mortal- 
ity rate) and hypoxaemia resulting from airway difficul- 
ties. The previous sections on physiology of pregnancy, 
anatomy and antacid therapy have highlighted many of 
the problems that should be considered when a pregnant 
woman presents for a general anaesthetic. It is essential 
that a thorough pre-anaesthetic check is performed, 
with particular attention to the difficulties that may be 
encountered with tracheal intubation (Table 35.14). It is 
mandatory that anaesthetists familiarize themselves with 
the operating theatre and the anaesthetic equipment, in 
addition to the guidelines and equipment that are avail- 
able for difficult and failed intubation. Drugs and equip- 
ment should be checked at the beginning of each period 
of duty on the delivery suite so that an emergency can be 
dealt with in a calm and ordered manner. 


Caesarean Section 


Preparation 


1. Check the equipment again. Ensure that the suc- 
tion equipment is working and that the table tilts 
head-down. 
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TABLE 35.14 


Clinical Methods to Assess the Airway 


Mouth opening (Scm interincisor gap, equivalent to two fingers’ 


breadth) 


Mallampati grade 


Temporomandibular joint mobility (should be able to protrude 
lower incisors in front of upper incisors) 


Neck mobility (90° flexion of head on neck) 


Weight >100 kg increases risk 


Risk of airway oedema (increased by pre-eclampsia, stridor, URTI) 


2. Perform a pre-anaesthetic check on the patient 
with particular attention to the airway and gas- 
tric contents. 

3. Ensure that the assistant is ready. 

4. Ensure that the patient is well positioned, paying 
particular attention to aortocaval compression 
and position for tracheal intubation. 

5. Insert a 16-gauge i.v. cannula and ensure that an 
infusion flows well. 

6. Check that full routine monitoring is in use. 

7. Preoxygenate the patient’s lungs for 3min or 
until the end-tidal oxygen partial pressure is 
>80 kPa using a well-applied face mask. 

8. Check that the assistant knows how to apply cri- 
coid pressure. 

9. Start the anaesthetic using a rapid sequence 
induction. 


Technique 


It is standard practice to use thiopental to induce an- 
aesthesia in a dose of at least 4mg kg’. This should 
be followed rapidly by succinylcholine 1-1.5 mg 
kg". There is a minority of obstetric anaesthetists 
who use rocuronium (1mg kg"). Cricoid pressure 
should be applied as consciousness begins to be lost 
and continued until the tracheal tube is confirmed to 
be in the trachea. Anaesthesia should be continued 
using nitrous oxide 50% and a volatile anaesthetic 
agent in oxygen, using positive pressure ventila- 
tion. Isoflurane or sevoflurane are commonly used 
and should be administered to achieve a total end- 
tidal concentration (volatile and nitrous oxide) of at 
least 1.0 MAC. Higher concentrations cause exces- 
sive uterine relaxation, while lower concentrations 
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predispose the patient to awareness. The historical 
use of techniques in which low anaesthetic concen- 
trations were employed that caused an excessive risk 
of awareness is now unacceptable. When using a 
circle breathing system, care is needed to prime the 
system with an adequate fresh gas flow and concen- 
trations of the volatile agent, so that the desired MAC 
level is reached quickly. If the fetus is compromised, 
there is evidence that the use of 100% oxygen with 
a volatile agent may be beneficial to the fetus by in- 
creasing oxygen transfer across the placenta (with a 
concomitant increase in inspired vapour concentra- 
tion). There is also increasing use of conventional gas 
ratios of nitrous oxide and oxygen (i.e. 66:33) from 
the beginning of the anaesthetic. This has become 
more common since the introduction of oximetry 
and continuous analysis of expired gas concentra- 
tions. After the delivery of the baby, an opioid, e.g. 
morphine, may be given with oxytocin. At this stage, 
the concentrations of nitrous oxide and inspired 
volatile agent may be altered to more conventional 
ratios. Additional non-depolarizing muscle relaxant 
(e.g. atracurium 25mg) may be administered after 
the effect of the succinylcholine has worn off (if 
used), as confirmed by a nerve stimulator. Residual 
neuromuscular block should be antagonized before 
tracheal extubation, with the patient in the lateral 
position and with a slight head-down tilt or sitting 
up. TAP blocks may be performed for postoperative 
analgesia before waking up. Routine postoperative 
care in an appropriately staffed, fully equipped re- 
covery area is essential. At this time, postoperative 
pain relief should be optimized and the baby should 
be given to the mother whenever possible. 


ASSESSMENT OF THE PREGNANT 
WOMAN PRESENTING FOR 
ANAESTHESIA AND ANALGESIA 


Successive maternal mortality reports highlight the 
problems of women with intercurrent medical disease 
and the fact that they are at increased risk in preg- 
nancy and labour. There are many more women with 
a coincidental significant medical problem becom- 
ing pregnant and it is important that these problems 
are recognized in the antenatal period. A good his- 
tory should be taken. The effect of the physiological 


changes of pregnancy on the disease must be recog- 
nized and appropriate investigations instigated. 

Women with cardiac or respiratory disease require 
careful assessment because the physiological changes 
of pregnancy and delivery may have a profound effect 
on the disease. Many of these women have good re- 
serves for normal day-to-day activities but are unable 
to cope with the added stress of labour. Antenatal as- 
sessment often includes echocardiography, ECG and 
pulmonary function tests. Assessment of the medical 
record is particularly relevant if the woman has un- 
dergone surgery. Clear plans for labour and delivery 
need to be written in the record by all of the medical 
team, including the anaesthetist. Many obstetric units 
now run an anaesthetic obstetric clinic at which high- 
risk women can be assessed antenatally by a consultant 
anaesthetist. 

The other more common medical conditions oc- 
curring in women of child-bearing age are neurologi- 
cal disease, significant back problems including major 
surgery, drug allergies, previous anaesthetic problems 
and difficulties with tracheal intubation. 

Obesity, maternal age and smoking are also risk factors 
which should not be overlooked. Obesity is particularly 
important and has been highlighted in recent CMACE 
reports as a significant risk factor. Twenty-seven percent 
of women who died in the 2006—2008 report were obese. 
Obesity in pregnancy is associated with an increased 
risk of a number of serious adverse outcomes, including 
thromboembolism, gestational diabetes, pre-eclampsia, 
postpartum haemorrhage, wound infections, miscar- 
riage, stillbirth and neonatal death. There is also a higher 
caesarean section rate in obese women. 


EMERGENCIES IN OBSTETRIC 
ANAESTHESIA 


Haemorrhage 


Significant bleeding occurs in 3% of all pregnancies 
and may happen in either the antepartum or postpar- 
tum period. 


Antepartum Haemorrhage 


Seventy per cent of all cases of antepartum haemor- 
rhage result from placenta praevia or abruptio pla- 
centae. Placenta praevia occurs when the placenta is 
inserted wholly or in part into the lower segment of 


the uterus. It is now classified by ultrasound imaging 
according to what is relevant clinically. If the placenta 
lies over the internal cervical os, it is considered a ma- 
jor praevia; if the leading edge of the placenta is in the 
lower uterine segment but not covering the cervical os, 
minor or partial praevia exists. Significant bleeding 
may occur which may necessitate blood transfusion or 
urgent delivery. There are four factors which increase 
the potential for significant bleeding. 


m In placenta praevia, the veins on the anterior wall 
of the uterus are distended. 

= If the placenta is anterior then the surgical inci- 
sion extends through the placenta, causing sig- 
nificant haemorrhage. 

m If the placenta covers the os then a raw area is 
left after its delivery. This area of the os does not 
have the same ability to contract as the normal 
myometrium, and may thus continue to bleed. 

m The presence of uterine scarring, e.g. from a pre- 
vious caesarean section, predisposes to patho- 
logical invasion of the uterine wall to produce 
a placenta accreta. In placenta accreta, the pla- 
centa grows through the endometrium to the 
myometrium. In placenta increta, it penetrates 
into the myometrium. In placenta percreta, the 
placenta penetrates through the myometrium 
and uterine serosa and into surrounding struc- 
tures e.g. bladder. This may mean that separa- 
tion of the placenta and uterus is impossible 
and profuse bleeding occurs which may require 
hysterectomy. 


Women diagnosed with placenta praevia are deliv- 
ered by elective caesarean section if it remains within 
2cm of the os on ultrasound. Because the condition may 
be associated with severe, potentially life-threatening 
haemorrhage, senior obstetric and anaesthetic staff 
should be involved with the delivery. Blood should al- 
ways be cross-matched and equipment should be avail- 
able to administer a high flow rate of warmed fluids 
(>1L min"). Either general or regional anaesthesia 
may be used. Regional anaesthesia is associated with a 
reduced blood loss but may be associated with blood 
pressure changes which are difficult to manage, and a 
potentially distressed patient. These patients should be 
pre-optimized, for example by giving iron supplements 
antenatally, and cell salvage should be used if available. 


EMERGENCIES IN OBSTETRIC ANAESTHESIA 723 


The use of interventional radiology to reduce bleeding 
should be considered. 

Abruptio placentae is defined as the premature sep- 
aration of the placenta after the 20th week of gestation. 
It is associated with a perinatal mortality rate of up to 
50%. Placental abruption may result in concealed or 
revealed haemorrhage. Typically, the woman presents 
with abdominal pain, which may be severe, together 
with signs indicative of acute blood loss in proportion 
to the amount of blood lost. A trap for the unwary is 
that placental abruption may be associated with pre- 
eclampsia; therefore, if the pre-abruption arterial 
pressure was markedly elevated, the post-abruption 
blood pressure may still appear normal, and so mask 
hypovolaemia. It is also important to remember that 
blood loss is often concealed and so may be under- 
estimated; a coagulopathy with low platelets tends 
to occur early in abruption and should be corrected 
aggressively. 


Postpartum Haemorrhage 


Postpartum haemorrhage is the most frequent rea- 
son for surgery in the immediate postpartum period. 
Causes include: 


m retained placental tissue, including placenta 
accreta. 

m uterine atony — the failure of the uterus to con- 
tract at the site of placental separation. The risk 
of uterine atony may be increased by: 
= overdistension of the uterus (e.g. polyhydram- 

nios, multiple gestation) 

prolonged (>18h) or precipitous (<4h) labour 

multiparity 

hypotension 
= uterine infection. 

m laceration of the birth canal — predisposing fac- 
tors include instrumental delivery and a large 
infant. 

m hypocoagulable states, e.g. von Willebrand’s dis- 
ease, HELLP syndrome. 


Anaesthetic Management of Haemorrhage 


Although regional anaesthesia has a role in the man- 
agement of acute postpartum haemorrhage, the asso- 
ciated sympathetic block interferes with physiological 
compensatory mechanisms, potentially aggravating 
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acute hypovolaemia. For this reason, general anaes- 
thesia is the preferred option in this situation unless 
plasma volume has been fully restored. 


Preoperative Assessment. Estimation of the degree 
of blood loss is notoriously unreliable in the obstetric 
setting, and hence clinical estimation of the following 
signs of hypovolaemia should be undertaken: 


hypotension (this is usually a late sign) 
tachycardia >120 beat min" 

urinary output <0.5mL kg'h" 

capillary refill time >5 s 

anxiety, agitation or confusion 

transient or minimal response to 1-2L crystal- 
loid or 500 mL colloid fluid challenge. 


Successive triennial maternal mortality reports 
have highlighted major obstetric haemorrhage as a sig- 
nificant cause of maternal mortality. The most recent 
triennial maternal mortality report in the UK showed 
a decline in the number of deaths due to haemorrhage 
but it still remains important. Previous reports high- 
light the need for all units to have clear guidelines for 
the management of major obstetric haemorrhage and 
to identify at-risk patients early. Anaesthetists should 
be involved in the management of such patients so that 
appropriate resuscitation, monitoring and planning 
for delivery may be developed. ‘Fire drills’ and regular 
multidisciplinary practice sessions for haemorrhage 
and other emergencies should be a routine in modern 
obstetric anaesthetic practice. 

The delivery suite team, including the anaesthetist, 
should: 


m involve senior medical staff early 

m request baseline haemoglobin and haematocrit 
measurements 

m insert two large-gauge peripheral venous cannulae 

m maintain circulating fluid volume 

m administer group-compatible blood if possible or 
O-negative blood in a life-threatening situation 

m consider insertion of invasive monitoring such as 
CVP or arterial monitoring 

m involve the haematologist early for blood prod- 
ucts and advice 

m arrange postoperative admission to the Intensive 
Care Unit. 


Intraoperative Management. Attempts to restore cir- 
culating blood volume should precede, but not delay, 
definitive treatment. Rapid-sequence induction of 
general anaesthesia is mandatory. Care with induction 
agents such as thiopental and propofol is required in 
hypovolaemic patients, because profound hypoten- 
sion may ensue, leading to cardiovascular collapse. 
Ketamine 1-2mg kg"! may be useful as it stimulates 
the sympathetic nervous system and helps to preserve 
arterial pressure during induction of anaesthesia. 

Anaesthesia may be maintained with N,O/O, mix- 
tures and an opioid such as fentanyl 1-2 ug kg’ with 
cautious administration of a volatile anaesthetic agent. 
Ultimately, hysterectomy may be a life-saving proce- 
dure and should be discussed before anaesthesia with a 
patient at high risk of haemorrhage. Techniques to con- 
serve the uterus include circumferential uterine suture, 
intrauterine balloon, internal iliac balloon insertion or 
embolization of uterine vessels using interventional 
radiological techniques. Clotting factors (FFP, cryo- 
precipitate) and platelets should be administered early 
without awaiting results and other treatments such as 
Factor VIIa (Novoseven) and tranexamic acid should 
be considered. 


Failed Intubation 


Failed intubation of the trachea reflects the relatively 
high incidence of airway difficulties in obstetric pa- 
tients (approximately 1 in 300 compared with 1 in 
2220 in non-pregnant patients). The increased inci- 
dence of difficult intubation in parturients is caused 
by changes in the soft tissues of the airway resulting in 
swollen upper airway mucosa, swollen and engorged 
breasts and full dentition. The decreasing use of gen- 
eral anaesthesia in obstetrics may lead to a relative lack 
of experience in this technique, with increased anxiety 
for both junior and senior anaesthetists. 

The modified failed laryngoscopy/intubation drill 
is an essential algorithm and should be displayed 
prominently in all obstetric theatres (Fig. 35.10). The 
essential points to take from the algorithm are to call 
for help when unexpected difficulty with laryngoscopy 
or intubation arises. Failed intubation is the inability 
to intubate after two attempts and repeated attempts 
without maintaining oxygenation should be avoided. 
In the presence of a poor view of the glottis at laryn- 
goscopy, the position of the cricoid pressure should be 
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checked to ensure it is central and correcting for lateral 
tilt of the patient. The insertion of a laryngeal mask 
airway (LMA) may facilitate ventilation and, if used, 
cricoid pressure should be applied continuously. 

If rocuronium has been used for induction, then 
sugammadex in the appropriate dose should be given 
for rapid reversal of neuromuscular blockade. 


Pre-Eclampsia and Eclampsia 


Hypertensive disorders are among the leading causes 
of maternal mortality (approximately 1 in 100000 
pregnancies). Pre-eclampsia is a multisystem disorder 
and is defined as hypertension with proteinuria after 
week 20. Eclampsia is defined as the occurrence of 
convulsions and/or coma during pregnancy not result- 
ing from neurological disease. 


Aetiology of Eclampsia and Pre-Eclampsia 


The aetiology is unknown, but current knowledge may 
be summarized as follows: 

Immunological factors. In the normal placenta, the 
vascular bed is of low resistance. In pre-eclampsia, there 
is abnormal migration of the trophoblast into the myo- 
metrial tissue and this leads to constriction of the spiral 
arteries, which increases the resistance in the vascular 
bed. Prostacyclin and nitric oxide may be involved in 
this process. 

Endothelial factors. Normotensive pregnant 
women demonstrate an increase in the activity of the 
renin-angiotensin-aldosterone system (RAAS) and a 
reduced response to exogenous angiotensin II. In pre- 
eclamptic women, this does not occur and this has 
been linked to a lack of nitric oxide production by en- 
dothelial cells. 

Platelet and coagulation factors. Endothelial dys- 
function may lead to a lack of nitric oxide and pros- 
tacyclin, altering the balance of platelet function in 
favour of platelet aggregation. 


Clinical Presentation of Pre-Eclampsia 


Clinically, pre-eclampsia is a multisystem disorder, 
and the predominant features in each system are as 
described below. 

Cardiovascular system. Hypertension in pregnancy 
is defined as systolic arterial pressure >140 mmHg 
and/or diastolic arterial pressure >90 mmHg. There 
is generalized vasoconstriction leading to an increase 


in systemic vascular resistance and hypertension. 
Increased capillary permeability leads to a redistribu- 
tion of plasma into the interstitial space. Blood volume 
is decreased by up to 30% in severe cases, but CVP and 
pulmonary capillary wedge pressure (PCWP) may be 
normal. There is a low colloid oncotic pressure (COP) 
and this, together with the increased capillary perme- 
ability, leads to oedema. Patients with pre-eclampsia 
may not have a raised arterial pressure, although it is 
significantly raised above baseline pressure at the be- 
ginning of pregnancy. 

Central nervous system. Classically, this disease is 
accompanied by severe headache, visual disturbances 
and hyperreflexia. Seizures may occur without warn- 
ing, and 40% of first fits occur in the postpartum 
period. 

Renal system. Endothelial damage leads to protein 
loss and further decrease in COP. Glomerular filtration 
rate is reduced by 25% compared with normal preg- 
nant women, as a result of glomerular oedema, and 
this can result in increases in urea and uric acid con- 
centrations, an indicator of severity. 

Haematological system. Platelet and coagulation 
disorders may occur as discussed above. A rapidly 
decreasing platelet count is indicative of a worsen- 
ing of pre-eclampsia, and low platelets may be asso- 
ciated with HELLP syndrome (Haemolysis, Elevated 
Liver enzymes and Low Platelets). In general, a platelet 
count of 80 x 10°L7! (taken within the last 4h) and 
above is safe for insertion of an epidural catheter. At 
levels below this, a clotting screen is advised and the 
risks and benefits of regional block should be assessed. 

Respiratory system. Pre-eclampsia increases the 
risk of airway oedema, which may make tracheal in- 
tubation hazardous. Pulmonary oedema may occur at 
any time, including up to 24h after delivery, as a result 
of increased capillary permeability and decreased COP. 


Management of Pre-Eclampsia 


Obstetric management is designed to stabilize the 
mother and deliver the baby. It is essential that the 
mother is assessed and monitored carefully. This in- 
cludes full biochemical and haematological screen- 
ing and monitoring of arterial pressure, heart rate, 
fluid balance and oxygen saturation. High depen- 
dency care is essential. Treatment of hypertension 
is essential and in the acute situation the drugs of 


choice are oral or intravenous labetalol, oral nifedip- 
ine and intravenous hydralazine. Aggressive treat- 
ment of severe hypertension (>170 mmHg systolic 
and/or >110 mmHg diastolic) is important because 
intracerebral haemorrhage secondary to hyperten- 
sion (especially systolic) is the main cause of death in 
pre-eclampsia. Magnesium sulphate should be used 
in moderate to severe cases as prophylaxis against ec- 
lampsia. Magnesium inhibits synaptic transmission 
at the neuromuscular junction, causes vasodilatation, 
and has a central anticonvulsant effect at the NMDA 
receptor. A loading dose of 4g (in 100 mL saline) is 
given over 30min, followed by a maintenance dose 
of 1g h”. Serum concentrations may be monitored 
along with hourly assessment of peripheral limb 
reflexes. As serum concentrations increase above 
10mmol L~, there is progressive reduction in re- 
flexes, respiratory arrest and asystole. The therapeutic 
range is 4-7 mmol L~. 

Pre-eclamptic patients are classically vasocon- 
stricted and hypovolaemic, so careful fluid adminis- 
tration is advisable during treatment of hypertension. 
There is continued debate about the suitability of crys- 
talloid or colloid in these patients; a detailed discus- 
sion of this is outside the remit of this chapter. It is 
important to remember that the woman may already 
be receiving antihypertensive therapy, e.g. methyldopa 
or nifedipine. 


The Role of Epidural Analgesia and Anaesthesia in 
Pre-Eclampsia 


Epidural analgesia is specifically indicated for labour 
analgesia in pre-eclampsia, provided that the platelet 
count is adequate, because: 


m it provides excellent pain relief 

m it attenuates the hypertensive response to pain 

m it reduces circulating stress-related hormones 
and hence assists in controlling arterial pressure 

m it improves uteroplacental blood flow 

m these women have a higher incidence of caesar- 
ean section, and the presence of an epidural al- 
lows extension of the block. 


If hypotension occurs, a crystalloid bolus (500 mL) 
may be administered, with the patient in a lateral tilt 
and receiving oxygen. If this is not adequate, a bolus 
of phenylephrine 50-100 pg may be given; however, 
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because of increased sensitivity of the circulation to 
exogenous vasopressors, caution is essential. Regional 
anaesthesia is the anaesthetic of choice if the woman 
is to be delivered by caesarean section, and although 
epidural anaesthesia has been the routine technique, 
there is increasing evidence to show that spinal an- 
aesthesia or CSE may be the anaesthetic of choice for 
these women. 


Eclampsia 


If the woman has an eclamptic fit, the ABC of basic 
resuscitation should be started and it is essential that 
there is no compression of the aorta or vena cava 
during resuscitation. The treatment of eclampsia 
is magnesium sulphate 4g by slow intravenous bo- 
lus as recommended in 1995 by the Eclampsia Trial 
Collaborative Group. 


Total Spinal or Epidural Block 


Too large a volume of local anaesthetic or its inadver- 
tent deposition in the subarachnoid space may lead to 
profound, extensive block. The time from injection of 
the anaesthetic solution to onset of symptoms depends 
upon the exact location of the injection. 


m The effects of an epidural overdose are seen 
20-30 min after the bolus. 

m The effects of a subarachnoid injection are seen 
within 2-5 min. 


Local anaesthetic reaching the fourth ventricle re- 
sults in respiratory arrest and may cause profound 
hypotension. Full resuscitation, including tracheal 
intubation and ventilation, external cardiac massage 
and vasopressors and inotropes are given as necessary. 
Spontaneous brainstem function returns as the exces- 
sively high block regresses over a period of 30min to 
4h. However, when the mother has been stabilized, 
the baby is usually delivered by emergency caesarean 
section. 


Thromboembolic Disease 


Until the 2006-2008 Confidential Enquiry, throm- 
boembolic disease had been the leading cause of 
maternal mortality for 21 years. In the latest report, 
the rate decreased to 19 deaths and was the lowest 
since the reports began in 1985; however, it remains 
an important cause of morbidity and mortality. 
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The reduction in death rate is probably due to guide- 
lines on thromboprophylaxis for high-risk patients 
and these guidelines have since been refined further. 
All women should be risk-assessed early in pregnancy 
and high-risk patients should be given thrombopro- 
phylaxis antenatally and for up to 7 days postnatally. 
The most important risk factor is obesity but others 
include caesarean section, pre-eclampsia, bed rest, de- 
hydration, multiparity, increasing age, family history, 
thrombophilia and long-distance travel. The dose of 
thromboprophylaxis should be increased appropri- 
ately for weight. 

The presentation of pulmonary embolism ranges 
from progressive dyspnoea to sudden cardiovascular 
collapse. There should be a high index of suspicion in 
all parturients with risk factors with new-onset dys- 
pnoea. Treatment is supportive and anticoagulation. 
Anticoagulation should be started immediately before 
investigations are completed in highly suggestive cases. 
This would usually be low-molecular-weight heparin 
(LMWH) e.g. enoxaparin 1mg kg™' 12-hourly ante- 
natally but LMWH should be avoided if there is a pos- 
sibility of imminent delivery because it may preclude 
the use of regional anaesthesia. 


Amniotic Fluid Embolism 


Amniotic fluid embolism (AFE) has been estimated to 
occur in 2 per 100000 maternities and has been associ- 
ated with a reported mortality approaching 100%, al- 
though the most recent maternal mortality report and 
UKOSS (UK Obstetric Surveillance System) reports 
give a combined case fatality rate of 16.5%. Amniotic 
fluid embolus is difficult to diagnose definitively and 
this may result in both under- and overreporting of 
cases. There were 13 deaths caused by AFE in the 
2006-2008 Confidential Enquiry. Historically, amni- 
otic fluid embolus was described as a post-mortem 
diagnosis dependent on the pathological finding of 
fetal squamous cells in the lung tissue. More recently, 
a clinical diagnosis has been used. Diagnosis is one 
of exclusion. The classic features are hypoxia, car- 
diovascular collapse and a coagulopathy. The mech- 
anism of AFE is still unclear but it is suggested that 
the entrance into the circulation of amniotic fluid 
constituents is thought to cause the release of various 
primary or secondary endogenous mediators such as 
histamine, bradykinins, leukotrienes and endothelin. 


The haemodynamic response has been shown to be 
biphasic, with initial pulmonary vasoconstriction 
and severe hypoxia followed by left ventricular fail- 
ure. Risk factors include advancing age, multiparity 
and placental abruption. The woman presents with 
sudden collapse, usually after a rapid labour, but may 
present following an obstetric intervention, during 
labour or even during caesarean section. There may 
be preceding cyanosis, a confusional state, respiratory 
distress, left ventricular failure with hypotension and 
acute pulmonary oedema. This is followed rapidly by 
development of a consumptive coagulopathy and re- 
sultant haemorrhage. Management of this emergency 
involves resuscitation, with administration of oxygen 
and maintenance of the airway, including tracheal 
intubation and cardiopulmonary resuscitation, if 
necessary. If the fetus is undelivered, immediate cae- 
sarean section may be necessary to facilitate maternal 
resuscitation. Treatment is largely supportive, with 
early correction of coagulopathy. A protracted pe- 
riod of intensive care treatment may be necessary. All 
suspected cases of AFE in the UK should be reported 
to the National Amniotic Fluid Embolism Register at 
UKOSS. 


Sepsis 

In the latest triennial enquiry into maternal mortality, 
sepsis was the leading direct cause of death and the 
incidence is increasing, unlike the other direct causes. 
The main reason for the increase in genital tract sep- 
sis in the latest report was the increased number of 
deaths caused by community-acquired B-haemolytic 
streptococcus Lancefield Group A (Streptococcus 
pyogenes). 

It is important that all women are educated about 
the importance of good personal hygiene, both ante- 
natally and postnatally. Early recognition is vital in the 
successful treatment of these women, so community 
practitioners should be aware of the clinical features 
and refer immediately to inpatient obstetric services. 
In hospital, Modified Early Obstetric Warning Scoring 
system (MEOWS) charts should be used to help in the 
more timely recognition, treatment and referral of 
women who have, or are developing, a critical illness. 
There is a ‘golden hour’ in the treatment of sepsis and 
sepsis care bundles such as the “Surviving Sepsis’ cam- 
paign should be followed. These can be summarized 


as early treatment (within 1h of the recognition of 
severe sepsis) with broad-spectrum, appropriate in- 
travenous antibiotics after blood cultures have been 
taken, fluid resuscitation and supportive measures. 
Critical care services should also be involved early in 
the management of these patients and they should be 
cared for in an appropriate environment with suitable 
monitoring. 


Maternal and Neonatal Resuscitation 


Severe haemorrhage, amniotic fluid embolism, pul- 
monary embolism or other even more uncommon 
causes may result in an acutely collapsed mother. In 
these circumstances, immediate resuscitation is re- 
quired following standard resuscitation guidelines, 
but aortocaval compression should be avoided with 
tilt or wedging. Unsuccessful resuscitation is often 
caused by profound hypovolaemia. Perimortem cae- 
sarean section should be considered as soon as a preg- 
nant woman has a cardiac arrest. Delivery should be 
completed within 5 min of cardiac arrest to maximize 
the chance of both maternal and fetal survival and 
outcome. 


Neonatal Resuscitation 


The condition of the infant at birth may be assessed by 
the following. 


= Colour, tone, breathing, heart rate are used 
for the acute assessment. Although the Apgar 
score, calculated at 1 and 5min, is of some 
use retrospectively, it is not used to guide 
resuscitation. 

m Umbilical cord vein pH, which is normally 
7.25-7.35. 


The process of resuscitation of the infant begins 
with drying the baby and thus gentle physical 
stimulation. If, at the initial assessment after stimu- 
lation, the neonate is blue or white with irregular 
or inadequate respiration and the heart rate is slow 
(<60 beat min™'), the airway should be opened and 
five inflation breaths of air should be given. If the 
heart rate remains slow despite adequate inflation 
breaths (chest movement seen), cardiopulmonary re- 
suscitation should be commenced at a ratio of three 
compressions to one inflation breath. The newborn 
must be kept warm throughout. 
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ANAESTHESIA FOR INTERVENTIONS 
OTHER THAN DELIVERY OR 
EXTRACTION OF RETAINED 
PRODUCTS OF CONCEPTION 


Up to 20% of all confirmed pregnancies end in spon- 
taneous abortion within the first trimester, and ex- 
traction of retained products of conception (ERPC) 
is indicated if there are retained placental products. 
These women are often very distressed and need 
sympathetic care. They should be assessed for blood 
loss, and although there is usually no problem, there 
is a significant risk of severe haemorrhage which 
may necessitate resuscitation, including blood trans- 
fusion. In the first trimester, anaesthesia is similar 
to that required for cervical dilatation or hysteros- 
copy. Anaesthesia may be induced with an i.v. induc- 
tion agent, with or without a short-acting opioid 
such as fentanyl (1-2 ug kg’), and maintained via 
a face mask or LMA (as the procedure usually lasts 
5-7 min) with the patient spontaneously breathing 
N,O/O, and 1-2 MAC of a volatile anaesthetic agent. 
Adequate depth of anaesthesia is required before 
cervical dilatation, because vagal stimulation in an 
inadequately anaesthetized patient may lead to brady- 
cardia and laryngospasm. After cervical dilatation, 
the level of anaesthesia may be reduced to 0.5-1.0 
MAC. Some practitioners avoid volatile anaesthetic 
agents in favour of TIVA in order to minimize uter- 
ine relaxation. 


Cervical Circlage 


This is a surgical procedure required occasionally for 
women with a history or active clinical features of an 
incompetent cervix, usually presenting as premature, 
precipitate labour. To reduce the risk of this occurring, 
a suture (Shirodkar suture) is placed around the cer- 
vix, in a procedure lasting 20-30 min. As this is usu- 
ally performed in the second trimester or later, the 
anaesthetic considerations for any pregnant woman 
apply. Regional (spinal) anaesthesia is the technique 
of choice, with the required block height of T10-S5 
being achieved using 1.5mL hyperbaric bupivacaine 
with or without fentanyl 25 ug. If general anaesthesia 
must be undertaken, use of a rapid sequence induction 
is mandatory if the patient is at more than 12 weeks’ 
gestation. 
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The Pregnant Patient with a Surgical 
(Non-Obstetric) Emergency 


The incidence of general surgical emergencies is un- 
diminished in pregnancy, and thus pregnant patients 
may require anaesthesia for laparotomy or any other 
procedure. If delivery is not anticipated, the anaesthetic 
technique should ensure good delivery of oxygen to the 
placenta. Use of depressant drugs such as opioids is not 
contraindicated. Regional techniques are recommended 
where possible. After the 13th week of gestation, the risk 
of regurgitation of gastric contents increases, so rapid 
sequence induction should always be performed. 
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PAEDIATRIC ANAESTHESIA 


T he differences in anatomy and physiology 
between children, especially infants, and adults have 
important consequences in many aspects of anaes- 
thesia. The differences also account for the different 
patterns of disease seen in intensive care units (ICUs). 
Although major psychological differences persist 
throughout adolescence, a 10- to 12-year-old child 
may be thought of, anatomically and physiologically, 
as a small adult. 


PHYSIOLOGY IN THE NEONATE 


Respiration 
Control of respiration in newborn infants, especially 
premature neonates, is poorly developed. The inci- 
dence of central apnoea (defined as a cessation of res- 
piration for 15s or longer) is not uncommon in this 
group. The likelihood of this increases if the patient 
is given a drug with a sedative effect. Potentially life- 
threatening apnoea may occur. The incidence is re- 
duced by postoperative administration of xanthine 
derivatives such as caffeine and theophylline which 
act as central respiratory stimulants. Because of this 
problem, it is wise to admit for overnight oximetry 
and apnoea monitoring all children under 60 weeks’ 
postconceptual age who have had surgical procedures, 
no matter how minor. Hypoxaemia in the neonate and 
small child appears to inhibit rather than stimulate res- 
piration and this is contrary to what one might expect. 
The newborn has between 20 and 50 million ter- 
minal air spaces. At 18 months of age, the adult level 
of 300 million is reached by a process of alveolar mul- 
tiplication. This explains why infants who suffer with 


respiratory distress of the newborn improve as they 
grow older. Subsequent lung growth occurs by an in- 
crease in alveolar size. The lung volume in infants is 
disproportionately small in relation to body size. The 
metabolic rate is nearly twice that of the adult, and 
therefore ventilatory requirement per unit lung vol- 
ume is increased. Thus, they have far less reserve for 
gas exchange. 

Before the age of 8 years, the calibre of the airways 
is relatively narrow. Airway resistance is therefore rela- 
tively high. Small decreases in the diameter of the air- 
ways as a result of oedema or respiratory secretions 
significantly increase the work of breathing. Elastic tis- 
sue in the lungs of small children is poorly developed. 
As a result of this, compliance is decreased. This has 
important consequences in that airway closure may oc- 
cur during normal tidal ventilation, thereby bringing 
about an increase in alveolar—arterial oxygen tension 
difference (P,_,0,). This explains why PaO, is lower in 
the infant than in the child. The decreased compliance 
results in ventilatory units with short time constants. 
Consequently, the infant is able to achieve adequate 
alveolar ventilation whilst maintaining a high respira- 
tory rate. However, because of the increased resistance 
and decreased compliance, the work of breathing may 
represent up to 15% of total oxygen consumption 
(Table 36.1). The high respiratory rate is necessary be- 
cause the metabolic rate of the infant is nearly twice 
that of the adult. The high alveolar minute ventilation 
explains why induction and emergence from inhala- 
tional anaesthesia are relatively rapid in small children. 
The high metabolic rate also explains why desatura- 
tion occurs very rapidly in children. 
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TABLE 36.1 


Lung Mechanics of the Neonate Compared 
with the Adult 


TABLE 36.3 


Variation in Arterial Pressure (mmHg) and 
Heart Rate (Beat min‘) with Age 


Neonate Adult Age Systolic BP Diastolic BP Heart Rate 
Compliance (mL cmH,O™') 5 100 Neonate 70-80 40-50 100-180 
Resistance (cmH,O L™' s~') 30 2 1 year 90-100 60-80 80-130 
Time constant (s) 0.5 1.3 6 years 95-100 50-80 70-120 
Respiratory rate (breath min“') 32 15 12 years 110-120 60-70 60-100 


TABLE 36.2 


Respiratory Variables in the Neonate 


Tidal volume (V) 7mL kg"! 


Dead space (V,) (V,) xX 0.3 mL 


Respiratory rate 32 breath min“! 


The ratio of physiological dead space to tidal vol- 
ume (V,/V,,) is similar to that of the adult at about 0.3. 
However, because the volumes are smaller, modest in- 
creases in V, produced by equipment such as humidi- 
fication filters may have a disproportionately greater 
effect (Table 36.2). 

Ventilation in small children is almost entirely dia- 
phragmatic. Because the ribs are horizontal, there is no 
‘bucket handle’ movement of the ribs as occurs in the 
adult. It is therefore important to appreciate that nor- 
mal minute ventilation is respiratory rate-dependent. 
The infant’s diaphragm is made of fast twitch fibres. 
This type of muscle fibre exhausts easily if it has to 
work against a load. This implies that in infancy, when 
lung compliance is low, the work of breathing is re- 
duced by breathing rapidly. Consequently if the work 
of breathing is increased by an increase in airway resis- 
tance, respiratory failure may easily ensue. 

It is important to appreciate that the infant’s re- 
sponse to hypoxaemia may be bradypnoea and not 
tachypnoea as occurs in the adult. 


Cardiovascular System 


The process of growth demands a high metabolic rate. 
It is, therefore, not surprising that infants and chil- 
dren have a higher cardiac index compared with the 
adult, so that oxygen and nutrients may be delivered 
to actively growing tissues. The ventricles of neonates 


and infants are poorly compliant, so even though the 
ventricles of infants demonstrate the Frank-Starling 
mechanism, the main determinant of cardiac output is 
heart rate. Infants tolerate heart rates of 200 beat min! 
with ease (Table 36.3). Bradycardia may occur readily 
in response to hypoxaemia and vagal stimulation and 
it results in a decrease in cardiac output. Immediate 
cessation of the stimulus, and treatment with oxygen 
and atropine, are absolutely crucial. A heart rate of 60 
beat min“! in an infant is considered a cardiac arrest 
and requires cardiac massage. Arrhythmias are rare in 
the absence of cardiac disease. The usual cardiac arrest 
scenarios are electromechanical dissociation and asys- 
tole, not ventricular fibrillation. 

Even though infants and children have a higher car- 
diac index, arterial pressure tends to be lower than in 
adults because of a reduced systemic vascular resistance 
associated with an abundance of vessel-rich tissues in 
the infant. The arterial pressure increases from ap- 
proximately 80/50 mmHg at birth to the normal adult 
value of 120/70 mmHg by the age of 16 years. Children 
under the age of 8 years who are normovolaemic at the 
start of anaesthesia tend not to exhibit a decrease in 
arterial pressure when central neural blockade such as 
spinal anaesthesia is administered. They do not require 
fluid preloading as an adult would to avoid hypoten- 
sion, because venous pooling tends not to occur as ve- 
nous capacitance cannot increase. The reasons for this 
are, first, that the sympathetic nervous system is less 
well developed and so infants tend to be venodilated 
at rest. Second, they have a lower extremity:body sur- 
face ratio and as a consequence have a smaller venous 
capacitance. 

As in all patients, the cardiovascular system must 
be monitored carefully. Pulse oximeter probes placed 
on the extremities provide a good index of peripheral 


perfusion. Auscultation of heart sounds, especially by 
an oesophageal stethoscope, is useful as the volume of 
heart sounds tends to be diminished as cardiac output 
decreases. Non-invasive measurement of arterial pres- 
sure is undertaken easily using an appropriately sized 
cuff. Complications preclude the use of invasive moni- 
toring of arterial and central venous pressures for all 
but major cases. 


Blood Volume 


The stage at which the umbilical cord is clamped de- 
termines the circulating blood volume of the neonate. 
Variations of up to +20% may occur. The average 
blood volume at birth is 90 mL kg“, and this decreases 
in the infant and young child to 80mL kg“, attaining 
the adult level of 75mL kg! at the age of 6-8 years. 
Blood losses of greater than 10% of the red cell mass 
should be replaced by blood, especially if additional 
losses are expected. However, most children who have 
a normal haemoglobin concentration at the start of 
surgery can tolerate losses of up to 20% of their red 
cell mass. Children may tolerate a haematocrit of 25% 
and the decision to transfuse blood must be balanced 
against the risks, which include transmitted infection 
and antibody formation. The latter may cause prob- 
lems in later life, especially in female children during 
child-bearing years. 


Haemoglobin 


At birth, 75-80% of the neonate’s haemoglobin is fe- 
tal haemoglobin (HbF). By the age of 6 months, adult 
haemoglobin (HbA) haematopoiesis is fully established. 
HbF has a higher affinity for oxygen than HbA. This is 
demonstrated by the leftward shift of the oxygen hae- 
moglobin dissociation curve (Fig. 36.1). Low tissue Po, 
and metabolic acidosis in the tissues result in the avid- 
ity of HbF for oxygen being reduced, thereby aiding 
delivery of oxygen. Alkalosis produced by hyperven- 
tilation results in less oxygen being available and it is 
therefore sensible to maintain normocapnia. 

If blood transfusion is required, it is crucial that 
blood is filtered and warmed — the smaller the child, 
the more important is this precaution. A syringe used 
via a tap in the intravenous giving set is probably the 
safest way of avoiding inadvertent overtransfusion. 
The circulating volume of a 1 kg neonate is of the or- 
der of 80mL. Common sense dictates that blood loss 
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FIGURE 36.1 Effects of fetal haemoglobin (HbF) on the 


oxygen dissociation curve. HbA, adult haemoglobin; Po,, par- 
tial pressure of oxygen. 


TABLE 36.4 


Distribution of Water as a Percentage 


of Body Weight 
Compartment Premature Neonate Infant Adult 
ECF 50 35 30 20 
IGF 30 40 40 40 
Plasma 5 5 5 5 
Total 85 80 75 65 


ECF, extracellular fluid; ICF, intracellular fluid. 


should be monitored carefully, so swabs should be 
weighed and, if possible, all suction losses collected in 
a graduated container. 


Renal Function and Fluid Balance 


Body fluids constitute a greater proportion of body 
weight in the infant, particularly the premature infant, 
compared with the adult (Table 36.4). In an adult, most 
of the total body water is in the intracellular compart- 
ment. In a newborn infant, most of the total body wa- 
ter is in the extracellular compartment. With increasing 
age, the ratio reverses. Plasma volume remains constant 
throughout life at about 5% of body weight. 

The kidneys are immature at birth. Both glomeru- 
lar filtration rate (GFR) and subsequent reabsorption 
by the renal tubules are reduced. The GFR at birth is of 
the order of 45mL min 1.7m~. This increases rap- 
idly to about 65mL min“ 1.7m” and then gradually 
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approaches the adult value of 125 mL min™! 1.7m” by 
the age of 8 years. Thus, there is inability to handle ex- 
cessive water and sodium loads. Overtransfusion may 
lead to pulmonary oedema and cardiac failure. The 
maturation in renal function is produced by hyperpla- 
sia in the first 6 months of life and then by a process 
of hypertrophy in the first year. Care must also be ex- 
ercised when drugs eliminated by the renal route are 
used in infants; either reduced doses or an increased 
dosage interval should be employed. Renal matura- 
tion is not just an increase in size but also of function. 
The ability to modify the ultrafiltrate produced at the 
glomerulus increases with age. It follows that sodium 
bicarbonate and glucose homeostasis mechanisms 
are not fully developed. Medical intervention may be 
required to ensure that biochemical values are kept 
within normal ranges. 

Poorly developed mechanisms exist for conserv- 
ing water in the kidneys and gastrointestinal tract. 
Increased cutaneous water loss because of a large sur- 
face area:volume ratio through poorly keratinized skin 
may lead to a turnover of fluid in the infant of about 
15% of total body water per day. Dehydration ensues 
very rapidly in an infant who is kept fasted. 


Fluid Therapy 


An intravenous infusion delivering maintenance fluids 
should be in place for all neonates requiring surgery. 
Maintenance fluid requirements increase over the first 
few days of life (Tables 36.5, 36.6). The normal infant 
requires of the order of 3-5 mmol kg”! of sodium and 
an equivalent amount of potassium per day to main- 
tain normal serum electrolyte concentrations. The abil- 
ity of the infant’s kidneys to eliminate excess sodium is 
limited. Exceeding this amount in the absence of loss 


TABLE 36.5 


Fluid Requirements in the First Week of Life 


Day Rate (mL kg’ Day’) 
1 0 

2,3 50 

4,5 7S 

6 100 

7 120 


TABLE 36.6 


Maintenance Fluid Requirements 


Weight (kg) Rate (mL kg’ Day~') 

Up to 10kg 100 

10-20kg 1000+50 x [weight (kg) - 10] mL 
20-30 kg 1500+25 x [weight (kg) - 20] mL 


results in hypernatraemia and its sequelae. Infants un- 
dergoing any procedure more than the briefest should 
also have their calorific needs addressed. This may be 
achieved by including glucose-containing fluids in the 
regimen; failure to do so results in hypoglycaemia and 
ketosis. This may occur rapidly because of the limited 
glycogen stores and high metabolic rate of the infant. 
It is imperative that the anaesthetist recognizes and 
resuscitates the dehydrated infant appropriately before 
surgery. Clinical examination of skin turgor, capillary 
refill, tension of fontanelles, arterial pressure and venous 
filling may aid estimation of hydration, but electrolyte 
and haemoglobin concentrations and haematocrit, urine 
volumes and plasma and urine osmolalities should be 
monitored if problems of fluid balance exist (Table 36.7). 


TABLE 36.7 


Effects of Dehydration in the Young Infant 


Mild Moderate Severe 
Percentage loss of body weight 5 10 15 
Clinical signs Dry skin and mucous membranes Mottled cold Shocked 
periphery Moribund 
Depressed fontanelles Unresponsive to pain 
Oliguria++ 
Replacement 50 mL kg"! 100 mL kg" 150 mL kg" 


Intravenous fluids should be administered using 
a system that allows small volumes to be given accu- 
rately. This may vary from the anaesthetist injecting 
fluid using a syringe to microprocessor-controlled sy- 
ringe driver pumps. The latter are preferable, as fluid 
is given at a steady rate and the anaesthetist’s hands 
are free to attend to other tasks. During surgery, fluid 
administration should be increased to account for in- 
creased losses occurring through evaporation from ex- 
posed viscera and third-space losses. 

The intraosseous route may be used to carry out 
fluid resuscitation and drug therapy in shocked chil- 
dren. The needle should be inserted in an aseptic fash- 
ion to minimize the risk of osteomyelitis. Although 
various sites have been described for needle insertion, 
the proximal end of the tibia below the tuberosity is 
probably the easiest to perform. The intraosseous 
route is safer than attempting central venous cannula- 
tion in the shocked child in whom veins are difficult 
to discern. The usual fluid administered in this situ- 
ation is a colloid solution. This is given as a 10mL 
kg bolus and repeated until clinical improvement 
occurs. 


Temperature Regulation and Maintenance 


Homeothermic animals possess the ability to produce 
and dissipate heat. Heat loss occurs by one of four pro- 
cesses: radiation, convection, evaporation and conduc- 
tion. The environment in which the patient is situated 
governs the relative contribution of each. The neutral 
thermal environment is defined as the range of ambi- 
ent temperatures at which temperature regulation is 
achieved by non-evaporative physical processes alone. 

The metabolic rate at this temperature is minimal. 
The temperature of such an environment is 34°C for 
the premature neonate, 32°C for the neonate at term 
and 28°C for the adult. 

Heat may be produced by one of three processes: 
voluntary muscle activity, involuntary muscle activity 
and non-shivering thermogenesis. Infants under the 
age of 3 months do not shiver. The only method avail- 
able to increase their temperature in the perioperative 
period is non-shivering thermogenesis. The process 
is mediated by specialized tissue termed brown fat. 
It differentiates in the human fetus between 26 and 
30 weeks of gestation. It comprises between 2% and 
6% of total body weight in the human fetus and is 


PHYSIOLOGY IN THE NEONATE 735 


located mainly between the scapulae and in the axillae. 
It is also found around blood vessels in the neck, in 
the mediastinum and in the loins. Brown fat is made 
of multinucleated cells with numerous mitochondria 
and has an abundant blood and nerve supply. Its me- 
tabolism is mediated by catecholamines. The substrate 
used for heat production is mainly fatty acids. 

Radiation accounts for about 60% of the heat loss 
from a neonate in a 34°C incubator placed in a room 
at 21°C. If the infant was in a thermoneutral environ- 
ment of 34°C, the percentage loss by radiation would 
decrease to about 40% of the total heat loss, and, in 
addition, the total heat loss in this environment would 
be lower. The reason for this is that heat loss by radia- 
tion is a function of skin surface area and the differ- 
ence in temperature between the skin and the room. 
The second major source of heat loss in the neonate is 
convection. This is a function of skin temperature and 
ambient temperature. The neonate possesses minimal 
subcutaneous fat that may act as thermal insulation 
and as a barrier to evaporative loss. A neonate has a 
body surface area:volume ratio about 2.5 times greater 
than the adult; thus, a neonate may become hypother- 
mic very rapidly. 

If neonates are allowed to become hypothermic 
during anaesthesia, unlike adults they attempt to cor- 
rect this by non-shivering thermogenesis. Metabolic 
rate increases and oxygen consumption may double. 
The increase in metabolic rate puts an additional bur- 
den on the cardiorespiratory system and this may be 
critical in neonates with limited reserves. The release 
of noradrenaline in response to hypothermia causes 
vasoconstriction, which in turn causes a lactic acido- 
sis. The acidosis favours an increase in right-to-left 
shunt, which causes hypoxaemia. As a result, a vicious 
positive feedback loop of hypoxaemia and acidosis is 
set up. The protective airway reflexes of a hypothermic 
neonate are obtunded, thereby increasing the risks of 
regurgitation and aspiration of gastric contents. The 
action of most anaesthetic drugs is potentiated by hy- 
pothermia. This effect is particularly important with 
regard to neuromuscular blocking drugs. The combi- 
nation of hypothermia and prolonged action of these 
drugs increases the chances of the neonate hypoventi- 
lating after surgery. 

Many precautions should be taken to ensure that 
the neonate’s body temperature is maintained. First, 


736 36 PAEDIATRIC ANAESTHESIA 


the child must be transported to theatre wrapped up 
and in an incubator set at the thermoneutral tempera- 
ture. The theatre should be warmed up to the ther- 
moneutral temperature, ideally a few hours before the 
planned start of surgery. This interval allows the walls 
of the theatre to warm up and this reduces the net 
heat loss by radiation. Heat loss by radiation is a two- 
way process. The child loses heat by radiation to the 
walls and also gains heat from the walls. All body parts 
which are not needed for insertion of cannulae and 
for monitoring should remain covered until the child 
has been draped with surgical towels. If the child has 
to be exposed, overhead radiant heaters may be used. 
During surgery, the child should lie on a thermostati- 
cally controlled heated blanket. Forced air warming 
systems are effective in maintaining the child’s tem- 
perature during surgery; these work on the principle 
of blowing filtered, warmed air into quilted blankets 
with perforations. This allows warmed air to come into 
direct contact with the patient. Simple measures such 
as using a bonnet to reduce heat loss from the head 
are very effective. Intravenous fluids and fluids used 
to perform lavage of body cavities must be warmed. 
Anaesthetic gases should be humidified and warmed 
in order to preserve ciliary function and to reduce heat 
loss from the respiratory tract. 


Monitoring 


It is important in all procedures to measure tempera- 
ture. For short procedures, an axillary temperature 
probe may be sufficient. In longer operations, core 
temperature should be measured at one of a variety 
of sites, such as rectal, bladder, nasopharyngeal or 
oesophageal. The oesophageal probe is often the pre- 
ferred method, as most modern oesophageal probes 
may be connected to a stethoscope. The anaesthetist is 
therefore able to listen to heart sounds in addition to 
recording the patient’s temperature. When active heat- 
ing methods such as cascade humidifiers and heated 
blankets are used, it is important that temperature 
gradients between the patient and the warming device 
are kept to less than 10°C. Failure to observe this may 
result in burns to the skin and the respiratory tract. In 
the ICU, simultaneous measurement of core and pe- 
ripheral temperatures, though not often used in the- 
atre, may serve as a useful guide to adequacy of the 
cardiac output. Decreases in cardiac output result in 


a reduction of blood flow to the peripheries and this 
is reflected in a core-peripheral temperature gradient 
greater than 3—4°C. 


PHARMACOLOGY IN THE NEONATE 


Developmental Pharmacology 


Drugs given via the oral or rectal route are absorbed 
by a process of passive absorption. This process is 
dependent on the physicochemical properties of the 
drug and the surface area available for absorption. 
Most drugs are either weak bases or weak acids. The 
un-ionized portion of the drug therefore depends on 
the pH of the fluid in the gut. The gastric pH of the 
neonate is higher than that of the older child and adult. 
The consequence is that drugs inactivated by a low pH 
undergo greater absorption. Examples of these include 
antibiotics such as penicillin G. 

Factors which determine the distribution of intra- 
venously administered drugs include protein and red 
cell binding, tissue volumes, tissue solubility coeffi- 
cients and blood flow to tissues. Neonates, in particu- 
lar preterm infants, have lower plasma concentrations 
of albumin. In addition, the albumin is qualitatively 
different in that its ability to bind drugs is lower than 
that of adult albumin. The concentration of a -acid 
glycoprotein is also lower in this group of patients; this 
protein is the major binding protein for alkaline drugs, 
which include opioid analgesics and local anaesthetics. 

The blood-brain barrier is immature at birth; thus, 
it is more permeable to drugs. In addition, the neo- 
nate’s brain receives a larger proportion of the cardiac 
output than does the adult brain. Consequently, brain 
concentrations of drugs are higher in neonates than 
in adults. For example, administration of morphine, 
which has low lipid solubility, results in high concen- 
trations in the neonate’s brain and therefore it should 
be used with caution and in reduced amounts. 

In a neonate, total body water, extracellular fluid and 
blood volume are proportionally larger in comparison 
with an adult. This results in a larger apparent volume of 
distribution for a parenterally administered drug. This 
explains in part why neonates appear to require larger 
amounts of some drugs on a weight basis to produce a 
given effect. However, plasma concentrations tend to re- 
main high for longer because they have smaller muscle 
mass and fat stores to which drugs redistribute. 


The action of most drugs is terminated by metabo- 
lism or excretion through the liver and kidneys. In the 
liver, phase I reactions convert the original drug to a 
more polar metabolite by the addition or unmasking 
of a functional group such as -OH, -NH, or -SH. These 
reduction/oxidation reactions are a function of liver 
size and the metabolizing ability of the appropriate mi- 
crosomal enzyme system. The volume of the liver rela- 
tive to body weight is largest in the first year of life. The 
enzyme systems in the liver responsible for the metabo- 
lism of drugs are incompletely developed in the neo- 
nate. Their activity appears to be a function of postnatal 
rather than post-conceptual age, because premature 
and full-term infants develop the ability to metabolize 
drugs to the same degree in the same period after birth. 
Adult levels of activity are achieved within a few days 
of birth. Phase II reactions which involve conjugation 
with moieties such as sulphate, acetate, glucuronic acid, 
etc., are severely limited at birth. Most of these conjuga- 
tion reactions are in place by the age of 3 months. The 
kidneys ultimately eliminate most drugs. As mentioned 
above, GFR is lower in young children than in adults. 
However, by the age of 3 months, the clearance of most 
drugs approaches adult values. 


Specific Drugs in Paediatric Anaesthesia 
Inhalational Agents 


Alveolar and brain concentrations of inhalational an- 
aesthetic agents increase rapidly in children, because 
they have a greater alveolar ventilation rate in relation 
to functional residual capacity (FRC) and because of 
the preponderance of vessel-rich tissues. Induction 
and excretion of the agent at the termination of anaes- 
thesia are more rapid. 

The minimum alveolar concentration (MAC) of 
anaesthetic agents changes with age, because of age- 
related differences in blood/gas solubility coefficients. 
From birth, MAC increases to a peak at the age of 
6 months and then declines gradually until the adult 
value is reached. It is worth stating at this juncture that 
malignant hyperthermia has been reported or is pos- 
sible with all the presently available volatile anaesthetic 
agents and that all potentiate the duration of neuro- 
muscular blocking drugs. 


Nitrous Oxide. Nitrous oxide is used as a carrier gas 
for most inhalational anaesthetic agents. It is also used 
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for its MAC-sparing effect. The effect is most marked 
with halothane, with which a 60% reduction can be 
achieved. However, with the newer agents such as 
sevoflurane, only a 25% reduction may be produced. 
Thus, there would appear to be little to be gained by 
adding nitrous oxide to a sevoflurane anaesthetic. A 
major problem with nitrous oxide is its greater solu- 
bility compared with nitrogen. It diffuses into closed 
nitrogen-containing spaces at a greater rate than ni- 
trogen leaves, thereby causing expansion. This effect is 
particularly important in lung lesions such as pneumo- 
thorax and congenital lobar emphysema. Expansion of 
the bowel in exomphalos or gastroschisis may make 
surgical reduction into the peritoneal cavity difficult. 


Halothane. This agent has been the gold standard for 
induction of anaesthesia in children, because until re- 
cently its odour was one of the least pungent. It shares 
with all anaesthetic agents the ability to depress the 
myocardium. However, it also slows heart rate, caus- 
ing a decrease in cardiac output. It is therefore prudent 
to give an anticholinergic before its administration. 
Induction with halothane is smooth, and because most 
vaporizers allow 5x MAC to be administered, it may 
be given in almost 100% oxygen. This is a useful fea- 
ture when anaesthetizing a child with an airway prob- 
lem. Another property which makes halothane useful 
in this situation is its prolonged action compared with 
the newer volatile agents, as it is undesirable that anaes- 
thesia ‘lightens’ during instrumentation of the airway. 
In adult anaesthetic practice, repeat administrations of 
halothane within a period of less than 3 months may 
be associated with hepatic dysfunction and occasion- 
ally with fulminant hepatic failure. The exact mech- 
anism of this toxic effect is not clear, but some have 
speculated that a reductive metabolite of halothane is 
responsible. Reductive hepatic metabolism of drugs is 
developed poorly in children and this may explain why 
this problem is extremely rare in children. However, if 
a child needs a second anaesthetic within 3 months of 
a first halothane anaesthetic, a risk—benefit assessment 
has to be undertaken. Economic considerations dictate 
that this is the most widely used inhalational agent for 
induction and maintenance of anaesthesia in children 
worldwide. As one might predict from its physical 
characteristics, emergence from halothane anaesthesia 
tends to take longer compared with the newer agents. 
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It is acceptable to induce anaesthesia with halo- 
thane and then to use a less lipid-soluble agent for 
maintenance. 


Isoflurane. Cardiac output tends to be well main- 
tained when less than 1 MAC of this agent is used 
for maintenance of anaesthesia. However, because of 
its pungency, it is not a suitable agent for induction. 
In spite of the fact that it has a low blood/gas parti- 
tion coefficient, induction tends to be slow because 
of breath-holding. It may be used for maintenance 
of anaesthesia after sevoflurane or intravenous 
induction. 


Sevoflurane. The blood/gas partition coefficient of 
0.68 results in rapid induction of anaesthesia with 
this agent and also a quick recovery. It is the least 
pungent of the currently available agents. It is pos- 
sible to turn the vaporizer to its maximum output 
of 8% without experiencing significant problems of 
coughing, breath-holding or laryngeal spasm. There 
is little to be gained by including nitrous oxide dur- 
ing induction, as the MAC-sparing effect on sevo- 
flurane is not as great as with other agents. It is not 
unusual to observe slowing of the heart rate during 
induction, but it is not usually necessary to give an 
anticholinergic. Cardiac arrhythmias do not com- 
monly occur during induction or maintenance with 
sevoflurane. Economic considerations dictate that 
the agent is used mainly for induction, followed by 
a cheaper agent such as isoflurane for maintenance. 
Sevoflurane is an excellent choice for induction in 
children with upper airway obstruction. The agent is 
partly degraded by soda lime to compound A, which 
is nephrotoxic in rats because they possess the en- 
zyme ß-lyase. This hazard would appear to be theo- 
retical in humans. 


Desflurane. The blood/gas partition coefficient of 0.42 
suggests that induction should be rapid, but this is not 
so because desflurane is very irritant to the upper air- 
way. It may be used for maintenance of anaesthesia 
with the benefit that emergence is very rapid. This may 
be particularly desirable in the ex-premature infant. 
Cost and the fact that the agent has to be delivered us- 
ing a special vaporizer limit the use of desflurane in 
paediatric practice. 


Intravenous Agents 


The availability of topical local anaesthetic creams has 
resulted in venepuncture and cannulation being rela- 
tively atraumatic for children. As a consequence, intra- 
venous induction has become more common. 


Barbiturates. Thiopental is the most widely used in 
this class of agents. A dose of 5-6 mg kg” of a 2.5% 
solution is required in the healthy child. The main ad- 
vantage is that injection into a small vein is pain-free. 
The agent can be given rectally using a 10% solution at 
a dose of 30 mg kg’, but induction and recovery tend 
to be slow with this technique. 


Propofol. Propofol may be used for both induction and 
maintenance of anaesthesia as part of a total intrave- 
nous technique. Although not common in paediatric 
anaesthetic practice, the technique of total intravenous 
anaesthesia using propofol is very useful in the child 
prone to malignant hyperthermia or the child with 
porphyria. Induction and maintenance doses tend to 
be larger in the younger healthy patient. The reasons 
for this are because of a larger central volume of distri- 
bution and because the clearance of the agent is higher 
compared with the adult. Pain on injection is a prob- 
lem and this may be lessened by the addition of 0.2 mg 
kg" of lidocaine. Propofol stabilized in a medium- 
chain triglyceride emulsion appears to cause less pain 
on injection. 


Ketamine. The current formulation of this drug is a 
racemic mixture of the S(+) and R(—) enantiomers. It 
is possible to separate the two enantiomers, although 
at present this does not appear to be a commercially 
viable proposition. The reason for doing this is that 
the S(+) enantiomer is twice as potent, recovery is 
quicker and the incidence of emergence reactions is 
lower. One of the major advantages of ketamine is 
the intense analgesia it provides. The analgesia has 
both spinal and supraspinal components. Epidural 
administration of the drug in combination with lo- 
cal anaesthetic significantly prolongs the duration 
of analgesia compared with local anaesthetic alone. 
The lack of cardiovascular depression in vivo is a fea- 
ture which allows the drug to be used for inducing 
anaesthesia in children with congenital heart disease. 
Occasionally, pulmonary vascular resistance may 


increase, and as a consequence pulmonary pressures 
also increase. Even though upper airway reflexes are 
relatively well preserved, aspiration of gastric contents 
may still occur. The drug has bronchodilator proper- 
ties and may be used for sedating the child with status 
asthmaticus to allow artificial ventilation in the ICU. 
It is prudent to administer an anti-cholinergic when 
the drug is used for maintenance of anaesthesia, be- 
cause increased salivation and bronchial secretions 
are potential problems. Emergence from ketamine 
anaesthesia is slower than with other agents. It may be 
accompanied by emergence phenomena such as hal- 
lucinations and unpleasant dreams. The incidence of 
these can be reduced by concurrent administration of 
a benzodiazepine. 


Opioids. These may be used in large doses as the 
sole agent to provide stable haemodynamic con- 
ditions for children with cardiac disease. The ma- 
jor disadvantage of using this technique is that 
drug effects persist into the postoperative period, 
causing respiratory depression. As a result, post- 
operative mechanical ventilation is mandatory. 
Morphine is the drug used most commonly for the 
management of severe pain in children. Hepatic 
glucuronidation is the process by which it is elimi- 
nated. Morphine is converted to morphine-3- and 
morphine-6-glucuronide. These metabolites are 
active. Morphine-3-glucuronide antagonizes the an- 
algesic effects of morphine-6-glucuronide. The very 
young suffer from respiratory depression at lower 
morphine infusion rates. This is probably because 
of sensitivity of the brainstem and also because the 
ratio of morphine-3- to morphine-6-glucuronide is 
lower. Remifentanil is the newest of the synthetic 
opioids. This drug is unique in that its metabolism 
to a virtually inactive metabolite is by non-specific 
esterases in blood and tissue. The half-life of the 
drug is independent of the duration of infusion. 
There are few data on the use of this drug in infants 
and children, and at present it is unlicensed for use 
in children under the age of 2 years. However, it is 
likely to be valuable in infants because of its lack of ac- 
cumulation and short half-life. Opioid-induced respi- 
ratory depression may be reversed by naloxone. The 
reversal is short-lived and it is probably wise to me- 
chanically ventilate the lungs of children in this state. 
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Neuromuscular Blocking Drugs and their 
Antagonists 


The neuromuscular junction in infants is not mature. 
Electrophysiological studies demonstrate that the re- 
sponse of the junction is similar to what one might 
observe in a patient with myasthenia gravis. In other 
words, the junction is very sensitive to the effects of 
neuromuscular blockers. These drugs are polar and 
as a result distribute mainly to the extracellular space. 
Because this space is larger in the infant, the dose of 
drug required to depress twitch tension is similar or 
slightly larger than that required for adults on a dose/ 
unit weight basis. The larger volume of distribu- 
tion explains why drugs that depend on the kidneys 
or liver for elimination have a longer duration of ac- 
tion. Conversely, drugs such as atracurium, which is 
degraded by a combination of ester hydrolysis and 
Hoffman elimination, act for a shorter time because of 
the larger extracellular space. 

Anticholinesterases are used to antagonize residual 
neuromuscular blockade. The appropriate anticholin- 
ergic to match the duration and onset should be com- 
bined with the anticholinesterase in order to minimize 
muscarinic side-effects. Atropine with edrophonium 
and glycopyrronium with neostigmine are the rec- 
ommended combinations. The dose requirements are 
similar to those of adults and reversal should not be 
attempted in the presence of profound blockade. The 
edrophonium/atropine combination has a quicker 
onset of action and a shorter duration of action. This 
combination, although not readily available, might be 
more appropriate for reversing the currently widely 
used intermediate-duration drugs. 


Succinylcholine. This depolarizing neuromuscular 
blocking drug has the most rapid onset of action of 
any currently readily available agent. It is therefore the 
drug of choice for the patient with a full stomach and 
also for the treatment of laryngeal spasm. In the infant, 
it has the ability to cause bradycardia after only a single 
dose. It is wise to administer an anticholinergic before 
administration. A hyperkalaemic response is not seen 
after administration to children with myelomeningo- 
coele or cerebral palsy. It is one of the most potent trig- 
gers for malignant hyperthermia. The incidence of this 
increases if succinylcholine is preceded by induction 
of anaesthesia with halothane. Fatal cardiac arrest has 
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occurred in a small number of patients. It is presumed 
that these patients had unsuspected muscular dystro- 
phies and that the drug caused massive muscle break- 
down. As it is not possible to predict which patients 
might exhibit this response, it is wise to limit the use 
of the drug to patients with a full stomach and for the 
relief of laryngospasm. 


Non-Depolarizing Agents. Onset and duration of ac- 
tion and the response in patients with renal and hepatic 
disease are probably the most important considerations 
when choosing one of these agents. Rocuronium has the 
most rapid onset of all the currently available agents. The 
onset of all these drugs may be increased by giving larger 
doses, but this is counterbalanced by a correspondingly 
longer duration of action. Recently, a new amino-steroid, 
rapacuronium, was evaluated in paediatric practice. 
Data suggested that its onset of action was similar to that 
of succinylcholine and that its duration of action was 
comparable to that of mivacurium. However, there were 
several reports of bronchospasm and hypoxaemia, es- 
pecially in small children, and the drug was withdrawn. 
Mivacurium has the shortest duration of action of the 
currently available drugs. Mivacurium is best suited for 
the short surgical procedure, which usually matches its 
duration of action. Very occasionally, a patient may be 
cholinesterase-deficient, in which case its duration is 
long. Atracurium, rocuronium and vecuronium have 
an intermediate duration of action, making them the 
most commonly used, as the duration of most paediat- 
ric operations falls into this category. Cisatracurium and 
pancuronium are best reserved for longer procedures. 
Pancuronium is excreted renally and should be used 
with caution in the patient with renal failure. In spite of 
the fact that vecuronium and rocuronium are excreted 
by the liver, their duration of action is minimally af- 
fected by hepatic disease. Atracurium or cisatracurium 
are the most obvious choices for patients with renal or 
hepatic disease because elimination is altered minimally 
by organ failure. 
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Preoperative Preparation 


For all elective surgery, it should be possible to pre- 
pare the child and family for what is to be expected in 
the perioperative period. This may be done in a wide 


variety of ways, including hospital tours, educational 
videotapes and pamphlets. The optimum choice de- 
pends on the age and intellectual ability of the child. 
Children possess great insight, and to attempt to keep 
forthcoming events secret is only likely to lead to 
mistrust and fear. All children should be visited pre- 
operatively by the anaesthetist responsible for caring 
for them in the perioperative period. This is the op- 
portunity not only to assess fitness for anaesthesia and 
surgery but also, when appropriate, to allay anxiety, 
answer questions and to find out what the child’s pref- 
erences are for mode of induction, pain relief, etc. 

Children who are systemically unwell should not 
have elective surgery. It is not unusual for a child to 
present with coryzal symptoms alone. There is an in- 
creased incidence of airway problems during anaesthe- 
sia; these children are more at risk of laryngeal spasm, 
breath-holding and bronchospasm, and in the post- 
operative period the chance of post-intubation croup 
is increased. The decision to proceed should be made 
only by a senior anaesthetist. Occasionally, these symp- 
toms precede a more serious upper or lower respiratory 
tract infection. In very rare cases, the viraemic phase of 
the illness may be associated with a myocarditis. Each 
case should be dealt with on its merits. Children who 
have active viral illnesses such as chickenpox should 
not have elective surgery, nor should children who 
have recently been immunized using live vaccines, for 
two reasons: first, there is an associated myocarditis or 
pneumonitis; and, secondly, to protect others on the 
ward who may be immunocompromised. 

It is extremely important that the child is weighed 
before arrival in theatre, because body weight is the 
simplest and most reliable guide to drug dosage. Veins 
suitable for insertion of a cannula should be identi- 
fied and, if possible, local anaesthetic cream applied 
and covered with an occlusive dressing. If it has not 
been possible to weigh the child, the weight may be 
estimated from the child’s age (Table 36.8). 


Preoperative Fasting 


Morbidity and mortality caused by aspiration of gas- 
tric contents are extremely rare in children undergo- 
ing elective surgery. What is becoming increasingly 
clear is that prolonged periods of starvation in chil- 
dren, especially the very young infant, are harmful. 
These children, who have a rapid turnover of fluids 


TABLE 36.8 


Estimates of Children’s Weight 


Age Approximate Body Weight (kg) 
Neonate 3 
4 months (Age in months x 0.5) + 4= 6 


1-8 years (age in years X 2) + 8 


9-13 years (age in years X 3) + 7 


and a high metabolic rate, are at risk of developing hy- 
poglycaemia and hypovolaemia. Research has shown 
that children allowed unrestricted clear fluids up to 
2h before elective surgery have a gastric residual vol- 
ume equal to or less than that of children who have 
been fasted overnight. The essential message is that 
children should, rather than could, be given clear 
fluids up to 2h before induction. Solids (including 
breast and formula milk) should not be given for at 
least 6h before the anticipated start of induction. In 
the emergency setting, e.g. the child who has sustained 
trauma shortly after ingesting food, it is probably best 
(if possible) to wait 4h before inducing anaesthesia. 
Clearly, in this situation risk—benefit judgements have 
to be made. If it is surgically possible to wait 4h, an i.v. 
infusion of a glucose-containing solution such as 5% 
dextrose with 0.9% NaCl, must be commenced and, if 
necessary, appropriate fluid resuscitation undertaken. 


Premedication 


The advent of local anaesthetic creams has reduced the 
necessity for sedative premedication. Currently, two 
formulations are available: 


= EMLA (eutectic mixture of local anaesthet- 
ics) has been available for nearly two decades. 
Venepuncuture is usually painless if it has been 
applied and an occlusive dressing placed over the 
site at least 1h before the planned procedure. It is 
wise to apply it over at least two locations marked 
by the anaesthetist in case the first attempt fails. 
It should not be used in the very small child or 
on mucous membranes because of the danger of 
systemic absorption of prilocaine that results in 
methaemoglobinaemia. It should not be left on 
the skin for more than 5h. A major disadvantage 
of EMLA is that it causes some venoconstriction 
and this may obscure the vein. 
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m Tetracaine gel is the other agent available for this 
purpose. It has the advantage of a quicker onset 
of action and also provides analgesia for a con- 
siderable period of time after the occlusive dress- 
ing has been removed (4h). This is an advantage 
in the day-care unit, because it may be applied as 
part of the admission procedure for all the chil- 
dren, left on for about 45 min and then removed, 
as small children often object to the presence of 
the occlusive dressing. 


Occasionally, a sedative premedicant drug is re- 
quired. This is particularly useful for the child who, 
in spite of good preoperative preparation, remains 
apprehensive. Currently, the injectable form of mid- 
azolam given orally is gaining widespread popularity. 
The dose used is 0.5mg kg™'. An effect occurs within 
10 min, with the peak at 20-30 min after administra- 
tion. It may be used for day-case patients without a 
significant effect on discharge time. The bitter taste 
is a disadvantage. This should be eliminated when an 
oral formulation becomes available. One should err on 
reducing the dose if the patient is concurrently tak- 
ing drugs which inhibit hepatic enzymes, because the 
duration of action of midazolam may be significantly 
prolonged. 

An alternative to midazolam is oral ketamine in a 
dose 3-10mg kg™!. An antisialagogue (e.g. atropine 
0.02 mg kg~') should be added to prevent excess saliva- 
tion. The larger the dose, the more likely it is that the 
child may experience postoperative nausea and vom- 
iting. If profound degrees of sedation are required, it 
is possible to combine midazolam and ketamine. The 
incidences of nausea and vomiting and of excess seda- 
tion in the postoperative period are increased. 

Intramuscular premedication is generally not tol- 
erated well by children. Often, it is the event in their 
hospital stay which they dislike the most. Rectal ad- 
ministration of induction agents has been used, such 
as thiopental in doses of 25-30 mg kg™'. This form of 
premedication should be used only under the direct 
supervision of the anaesthetist, as respiratory depres- 
sion is a distinct possibility. A relatively new route for 
premedication administration is the intranasal route. 
This is particularly useful for the child who refuses 
to swallow an oral premedication. Drugs which have 
been used by this route include ketamine and mid- 
azolam in the doses mentioned above. At this stage, it 
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is not known how much of the drug goes through the 
cribriform plate directly into the central nervous sys- 
tem. Until this issue is clarified, it is best not to use this 
route routinely, because midazolam or its preservative 
and the preservative used with ketamine are neuro- 
toxic when applied directly to neural tissue. 


Induction 


It is important that children are accompanied into the 
anaesthetic room by someone with whom they are fa- 
miliar. This person is usually a parent but may be a 
ward play specialist with whom the child feels com- 
fortable. It is equally important that whoever accom- 
panies the child is not coerced into doing so. Children 
usually detect anxiety in their parents and this tends to 
have an adverse effect on their behaviour. 

The person accompanying the child should be in- 
formed on the ward of what to expect in the anaes- 
thetic room. For example, if an inhalational induction 
is planned, he or she should be made aware of some of 
the signs of the excitation phase that the child might 
exhibit. If an i.v. induction is planned, the person 
should be made aware of how to assist the anaesthetist 
by distracting the child. 

Unlike adult practice, it is not possible to have all 
the necessary monitoring devices placed on the child 
before induction. In most cases, it should be possible 
to place an appropriately sized pulse oximeter probe 
on a digit. Most children also allow the placement of 
a precordial stethoscope. The appropriate monitoring 
should be applied as soon as possible after the start of 
anaesthesia. The anaesthetist must always have present 
an assistant who is used to paediatric anaesthesia. 

When inhalational induction is planned, clear, 
scented plastic masks are much more acceptable to 
small children than the traditional Rendell—Baker 
rubber masks. Clear masks allow respiration and the 
presence of vomitus to be observed. An alternative to 
using a mask is cupping the hands over the face of the 
child while holding the T-piece. It is important to en- 
sure that the flow of fresh gas is directed away from the 
child’s eyes because anaesthetic gases may be irritant. 


Airway Management 


The ratio of dead space to tidal volume tends to remain 
constant at about 0.3 throughout life in the healthy 
person. Anaesthetic apparatus such as connectors and 


humidification devices significantly increase dead 
space and should be kept to the minimum. This is es- 
pecially important if the child breathes spontaneously 
during anaesthesia. 

The Rendell—Baker masks were developed to fit 
around the facial anatomy of the child in an attempt 
to minimize equipment dead space. However, the flow 
of gas in a clear mask is such that the advantage of us- 
ing Rendell-Baker masks is minimal. These masks are 
much more difficult to use than the clear ones with 
a pneumatic cushion. When using a face mask, it is 
important that the soft tissue behind the chin is not 
pushed backwards by the fingers, thereby obstructing 
the airway. The anaesthetist’s fingers should rest only 
on the mandible. 

The Jackson—Rees modification of the Ayre’s 
T-piece is the breathing system used traditionally for 
children under 20kg in weight. It has been designed to 
be lightweight with a minimal apparatus dead space. 
The apparatus may be used for both spontaneous and 
controlled ventilation. The open-ended reservoir bag 
is used for manually controlled ventilation. This mode 
of ventilation is especially useful in the neonate and 
infant, as the anaesthetist is able to detect changes in 
compliance produced by tube displacement. The res- 
ervoir bag also allows the application of continuous 
positive airway pressure for both the spontaneously 
breathing child and one undergoing artificial ventila- 
tion. This may be helpful in improving oxygenation. 
The bag may be removed and an appropriate ventila- 
tor such as the Penlon 200 attached to the expiratory 
limb. A minimum gas flow rate of 3 L min“ is required 
to operate this apparatus satisfactorily. Fresh gas flows 
of 300 mL kg"! for spontaneous respiration and flows 
of 1000 mL plus 100 mL kg" for controlled ventilation 
usually result in normocapnia. It is difficult to scavenge 
the T-piece system. For the older child, it is satisfactory 
to use a Bain, Humphrey ADE or circle absorber sys- 
tem. It is easy to scavenge the waste gases from these 
systems with the resultant benefit of reducing pollu- 
tion of the theatre environment. In addition, the circle 
system offers economic advantages because of the low 
fresh gas flows required. 

The Guedel airway is a useful adjunct in maintaining 
the airway of a child undergoing anaesthesia. It is impor- 
tant that the appropriate size of airway is used. If an air- 
way is too small or too large, it may obstruct the child’s 


airway completely. A reliable way of selecting the correct 
size is to place the flange of the airway at the angle of the 
mouth. The correctly sized airway should reach the angle 
of the mandible. The tongue should be depressed using a 
depressor or even the blade of the laryngoscope and the 
airway inserted. The method used in adults of rotating 
the airway through 180° during insertion is not recom- 
mended for small children because of the possibility of 
damaging the pharynx and subsequently compromising 
the airway. It is important that all procedures involving 
the airway of a child, including suction of the pharynx, 
are performed under direct vision. 

The laryngeal mask airway is a major advance in an- 
aesthetic airway management. It does not protect the 
airway against aspiration of refluxed gastric contents. 
It should be used only when it is planned that the child 
is to breathe spontaneously during surgery. It follows 
that it is unwise to use the device when neuromuscular 
blocking drugs are used. The mask may be displaced 
easily, which may result in airway obstruction and gas- 
tric insufflation. With these provisos, it may be used 
for a variety of operations where in the past tracheal 
intubation would have been mandatory, such as squint 
correction and tonsillectomy. Because of the large 
cross-sectional area of the mask tube, airway resistance 
increases only a small amount, if at all. Masks are avail- 
able to fit all children, including neonates. The neona- 
tal (size 1) mask is not popular for several reasons: it 
is relatively difficult to insert; it may be displaced very 
easily; and it increases apparatus dead space, resulting 
in rebreathing and hypercapnia. 

It is mandatory to intubate the trachea during ar- 
tificial ventilation. Intubation of the trachea confers 
many advantages. The lungs are protected against aspi- 
ration of gastric contents, ventilation is controlled and 
bronchoalveolar toilet may be performed. Operations 
in the oral cavity of a small child are not possible with- 
out tracheal intubation. It is very difficult to maintain 
the airway of a neonate using an airway and a face mask 
for any but the shortest surgical procedure requiring 
general anaesthesia. It is usually wise to intubate the 
trachea electively in most situations. Insertion of a tra- 
cheal tube results in a reduction of the cross-sectional 
area of the airway. A 3.5mm tube in a neonate causes 
an increase in resistance by a factor of 16. Neonates 
with a tracheal tube must undergo artificial ventilation 
in order to reduce the work of breathing. 
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The vocal cords should be visible in order to be 
certain of intubating the trachea. In order to be able 
to do this, the anaesthetist has to align three imaginary 
axes: one through the trachea, one through the phar- 
ynx and one through the mouth. In the older child and 
adult, this is usually achieved by placing a pillow un- 
der the head — the familiar ‘sniffing the morning air’ 
position. A laryngoscope blade is then put into the 
vallecula in front of the epiglottis and the laryngeal 
structures lifted. Because of anatomical differences, the 
technique needs to be modified for the infant. Infants 
have a head which is large and a neck which is short 
relative to the size of the body. Instead of placing a pil- 
low under the head, it is usually necessary to place a 
small pad or pillow under the torso. An alternative is to 
ask the assistant to gently raise the torso off the surface 
on which the child is lying. The larynx of a child under 
the age of 2 years tends to sit higher in the neck oppo- 
site the vertebral bodies of C3—4, whereas in the older 
child it is opposite C5—6. This results in the larynx be- 
ing more anterior during laryngoscopy. The epiglottis 
of the infant is relatively large and, because the car- 
tilaginous support is not fully developed, tends to be 
floppy. The anaesthetist cannot usually elevate the epi- 
glottis sufficiently in order to be able to see the vocal 
cords if a curved blade such as the Macintosh is used. 
Instead, the anaesthetist has to use a straight blade and 
place it on the posterior surface of the epiglottis whilst 
lifting. In addition to the above, gentle cricoid pressure 
helps to bring the three axes into alignment. This may 
be performed with the little finger of the left hand. 

In the adult, the narrowest part of the airway is the 
glottic opening. In the child, the narrowest part is the cri- 
coid ring, which cannot be seen during laryngoscopy. It 
is very important that the correct size of tube is selected. 
If too large a tube is selected, the tracheal mucosa is dam- 
aged and the child may develop post-intubation croup; 
if it is too small, excessive leak makes effective positive 
pressure ventilation impossible. The ring forms a natural 
cuff around the tube, thereby eliminating the need for 
a pneumatic cuff. Generally, cuffed tubes are used only 
in children above the age of 8 years. The reason for this 
is that the pressure may render the underlying trachea 
ischaemic and subsequently lead to post-intubation 
croup. If possible, tracheal intubation should not be 
performed in children having day-case procedures. The 
laryngeal mask has eliminated the need for this. 
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The following formulae are used to calculate the 
internal diameter of the appropriate size of tube for 
children greater than one year: 


(age/4) + 4.5 mm (uncuffed) 
(age/4) = 3.5 mm (cuffed) 


An alternative is to use a tube with an external di- 
ameter similar to that of the child’s little finger. It is 
important that tubes with internal diameters 0.5mm 
larger and smaller than the predicted size are readily 
available. 

The tip of the tracheal tube should lie at the 
mid-trachea. For oral intubation, the measurement 
from the alveolar ridge to the mid-trachea is about 
(age/2)+12cm. An alternative is three times the in- 
ternal diameter of the tube. For nasal intubation, the 
measurement is (age/2)+15cm. 

For neonates, the best guide is related to weight 
(Table 36.9). 

After tracheal intubation has been performed, 
the lung fields and epigastrium should be auscul- 
tated to confirm correct placement. Additional 
confirmation of correct placement using a capno- 
graph is essential. If intubation has been preceded 
by a period of difficult mask ventilation, it is not 
unusual for the stomach to become inflated. The 
inflated stomach decreases excursion of the lungs 
and results in arterial desaturation. If this has oc- 
curred, the stomach should be deflated by passing 
an orogastric tube, which is removed as soon as the 
task is complete. 

Because children have a relatively short trachea, 
it is easy for the tube to become displaced and en- 
ter a main bronchus or for the trachea to become 
extubated. It is vital that the tube is well secured. It 
is best to use adhesive tape and secure the tube to 


TABLE 36.9 


Estimates of Tracheal Tube Size in Neonates 


Internal Diameter Length from Alveolar 
Weight (kg) (mm) Ridge (cm) 
1 2.5 7 
2 3 8 
3 3.5 9 


the immobile maxilla rather than to the mandible. 
Preformed tubes such as the RAE are not recom- 
mended for the infant because inadvertent bronchial 
intubation easily occurs. 


Monitoring 


There is no substitute for an experienced, vigilant 
anaesthetist directly observing the child. Changes 
in colour, inappropriate movement, respiratory ob- 
struction and changes in respiratory pattern may be 
observed quickly and treated. Temperature should 
be monitored at an appropriate site for all but the 
shortest procedures. It is unwise even to consider ex- 
tubating the trachea of a hypothermic infant. Ideally, 
ECG and arterial pressure monitoring should be in 
place before induction. In practice, this is not always 
possible. Usually, these devices are put in place as 
soon as the child is asleep. Capnography is manda- 
tory for the child who has a tracheal tube or laryn- 
geal mask. 


Day Surgery 

Day-case surgery confers many advantages in children. 
Children who are admitted to hospital often develop 
behavioural problems, perhaps as a result of separa- 
tion from parents and disruption of family life. These 
problems may manifest as an alteration of sleep pat- 
tern, bedwetting and regression of developmental 
milestones. 

Most children make excellent candidates for day- 
case surgery. They are usually healthy and the proce- 
dures performed are usually of short to intermediate 
duration. Only experienced surgeons and anaesthetists 
should undertake day-case surgery. Because this form 
of surgery is performed by experienced personnel, even 
ASA III patients may be considered. Children who are 
under 60 weeks’ postconceptual age, those who have 
diseases that are not well controlled (e.g. poorly con- 
trolled epilepsy) and those with metabolic disease (e.g. 
insulin-dependent diabetes) which may result in hy- 
poglycaemia should always be admitted electively for 
overnight stay. 

Parents must be given clear written instruc- 
tions well before the planned date of surgery. They 
should be told how long their child should be fasted 
before surgery. They should also be asked to make 


arrangements so that two responsible adults with 
their own transport accompany the child home. 

Sedative premedication is rarely required for a child 
who has been well prepared. Children accompanied to 
the anaesthetic room by their parents usually remain 
calm. It makes sense to use agents with the shortest 
half-life. Regional anaesthesia performed after induc- 
tion is useful in reducing the amount of anaesthetic 
needed intraoperatively and also provides excellent 
postoperative analgesia, especially when long-acting 
agents such as bupivacaine or ropivacaine are used. 
Paracetamol or diclofenac given as suppositories at 
the end of surgery ensure that the child remains com- 
fortable when the local anaesthetic has regressed. It is 
essential to seek the parent’s informed consent for re- 
gional anaesthesia and rectal analgesics. 

After surgery, the child should be allowed to recover 
in a fully equipped and staffed recovery ward. The child 
is returned to the day ward only when protective reflexes 
have returned. The child is discharged home when oral 
fluids are tolerated, but if the child has received intra- 
operative hydration, it is possible to ignore this crite- 
rion. Another yardstick used is whether the child has 
passed urine or not; this is particularly important if 
the child has been given a caudal block. Occasionally, 
caudal blocks and inguinal blocks result in weakness of 
the leg. In this case, it is advisable to wait for the block 
to regress before discharging the child; clearly, this ap- 
plies only to children who are walking. Ondansetron 
is useful in the treatment of postoperative nausea and 
vomiting, as the lack of any sedative effect is conducive 
to an early discharge. Children who have undergone 
tracheal intubation should remain on the day ward for 
at least 2h to ensure that post-intubation croup does 
not occur. 

Parents should be given an adequate supply of 
postoperative analgesics. It is crucial to emphasize 
the importance of giving analgesics pre-emptively ‘by 
the clock instead of waiting for the child to complain 
of pain. 


Paediatric Regional Anaesthesia 


Most children admitted to hospital experience regional 
anaesthesia. The commonest use is probably the appli- 
cation of topical preparations of lidocaine/prilocaine 
or tetracaine before venesection or intravenous can- 
nulation. Topical anaesthesia is not limited to these 
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uses. It may be used as the sole anaesthetic, in suit- 
able children, for procedures such as division of pre- 
putial adhesions and removal of simple skin lesions. 
Procedures performed in this way often do not involve 
an anaesthetist. 

Whenever possible, regional anaesthesia is com- 
bined with general anaesthesia. Children who are an- 
aesthetized in this way wake up quickly and appear to 
be less troubled by nausea and vomiting than when 
general anaesthesia is used without a regional block. 
In the day-case surgery setting, this leads to earlier dis- 
charge and a more pleasant experience for the child 
and the family. 

Wound infiltration is a technique which is not usu- 
ally performed by, but which is supervised by, the an- 
aesthetist. Examples include wound infiltration after 
pyloromyotomy or herniotomy. The anaesthetist ad- 
vises the surgeon as to the volume of anaesthetic that 
may be used safely. This technique is mostly used at the 
end of surgery because of the distortion of anatomy 
that the infiltration of local anaesthetic might cause. 
Occasionally, the surgeon may be persuaded to inject 
at the beginning, especially if local anaesthetic with a 
vasoconstrictor is used, as this provides the surgeon 
with a ‘dry field. A good example of this would be for 
removal of accessory auricles or encapsulated subcu- 
taneous lesions. 

Central neuraxial and peripheral nerve blocks are 
almost always performed on anaesthetized children. 
The anaesthetist must therefore be experienced in 
identifying fascial planes with needles and must also 
be confident with the use of the nerve stimulator. A pe- 
ripheral block is usually preferred to a neuraxial block 
because of a lower complication rate. Complications 
associated with neuraxial blocks include inadvertent 
intravascular or intrathecal injection and permanent 
nerve injury. The risk:benefit ratio and surgical/ 
patient considerations have to be taken into account 
before selecting a block. For example, a penile ring 
block, while safe and simple, might make it difficult 
for the surgeon to perform a circumcision. 

The ilioinguinal/iliohypogastric block is used for 
surgery in the groin area. It provides excellent analge- 
sia for inguinal herniotomy. This block may be com- 
bined with infiltration anaesthesia if the child needs 
orchidopexy. Local anaesthetic is deposited under the 
aponeurosis of the external oblique muscle at a point 
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a finger’s breadth medial to the anterior superior il- 
iac spine. Very occasionally, the local anaesthetic may 
block the femoral nerve. The parents should be warned 
about this beforehand so that they can assist their child 
when taking the first steps after anaesthesia. 

The dorsal nerves of the penis are blocked by in- 
jection of local anaesthetic, each side of the midline, 
into the subpubic space. If more than 0.1 mL kg" is 
injected, the anatomy may be distorted. The block is 
appropriate for circumcision but for hypospadias sur- 
gery a caudal epidural is probably a better choice. The 
dorsal penile arteries, which run alongside the nerves, 
are end arteries. The local anaesthetic solution should 
not contain vasoconstrictor. 

The paediatric equivalent of the 3-in-1 femoral 
nerve block is the fascia iliaca block. The femoral, ob- 
turator and lateral cutaneous nerves of the thigh are 
blocked reliably using this approach. The block has the 
advantage of being distant from neurovascular struc- 
tures, thereby reducing the opportunity for complica- 
tions. The injection point is as follows. A line is drawn 
from the anterior superior iliac spine to the pubic tu- 
bercle. The needle is inserted 0.5 cm below this line at 
the junction of the medial two-thirds and lateral one- 
third. The regional block needle is advanced until two 
‘pops’ have been felt and the local anaesthetic is then 
deposited. The two ‘pops’ represent the needle travers- 
ing the fascia lata and fascia iliaca, respectively. The 
block may be used to reduce femoral fractures in the 
Accident and Emergency department. An elegant tech- 
nique is to apply topical local anaesthetic to the injec- 
tion site before performing the block. The block may 
also be used to obtain muscle biopsies. Metatarsal and 
metacarpal blocks are usually the only blocks required 
for surgery on the extremities. It is unusual to require 
a brachial plexus block. 

The combination of auriculotemporal and great 
auricular nerve blocks is useful for pinnaplasty. 
Operation on the ears is associated with nausea and 
vomiting and it is probable that these blocks help to 
reduce the incidence of these side-effects. The great 
auricular nerve is a branch of the superficial cervical 
plexus. It is blocked by infiltrating about 3 mL of local 
anaesthetic anterior to the tip of the mastoid process. 
This anaesthetizes the posterior aspect and the lower 
third of the anterior surface of the ear. The auriculo- 
temporal nerve is a branch of the mandibular division 


of the trigeminal nerve and it supplies the superior 
two-thirds of the anterior surface of the ear. An addi- 
tional 1-2 mL of local anaesthetic deposited subcuta- 
neously immediately anterior to the external auditory 
meatus blocks this nerve. 

Caudal epidural blockade is probably the most 
commonly used block in children. The sacrococcygeal 
membrane (otherwise known as the sacral hiatus) 
represents the unfused laminae of the S5 vertebral 
body. The sacral hiatus is at the apex of an equilat- 
eral triangle, the base of which is a line joining the 
posterior iliac spines. In children, this point is higher 
than might be expected and it is always above the 
natal cleft. The epidural space in children is devoid 
of fat. This implies that by increasing the volume of 
solution injected, a predictably higher dermatomal 
level may be reached. The Armitage formula is the 
most commonly used to calculate the volume of local 
anaesthetic. Analgesia over the sacral dermatomes is 
achieved by injecting 0.5 mL kg~! volume of solution. 
It is necessary to inject 1mL kg"! to reach the lower 
thoracic dermatomes and 1.25mL kg"! to reach the 
mid-thoracic dermatomes. Another benefit derived 
from the absence of epidural fat is that it is possible 
to advance a catheter from the sacral region to the 
mid-thoracic region. This is used to provide analgesia 
after laparotomy in neonates. In small babies, the epi- 
dural space may be found at a depth of approximately 
1mm kg" from skin. In older children, the thoracic 
dermatomes may be blocked by threading the catheter 
from the lumbar epidural space to the thoracic. It is 
safer to avoid a direct thoracic approach because the 
tributaries to the anterior spinal artery may be dam- 
aged easily. Sometimes, preservative-free clonidine or 
ketamine is added to the local anaesthetic mixture to 
prolong the duration of a single-shot caudal. The du- 
ral sac in babies usually ends opposite the $3-S4 in- 
tervertebral space and, because of differential growth, 
rises to end opposite the $1—S2 intervertebral space. 
Therefore, there is a potential for a total spinal block 
after caudal injection. The chances of this complica- 
tion occurring may be reduced significantly by careful 
attention to how far the needle or cannula is inserted 
into the space. After insertion of the needle or can- 
nula, the anaesthetist should wait a short while with 
the hub open to air so that blood or CSF may drip out; 
if this happens, the technique has to be abandoned. 


In babies, the spinal cord ends opposite the body 
of L3. Because of differential growth, the spinal 
cord ‘ascends’ in the spinal canal so that by the time 
the child is 1 year old it is at the adult level oppo- 
site the L1—2 intervertebral space. In the UK, spinal 
anaesthesia may be used to provide anaesthesia for 
infraumbilical surgery in the ex-premature infant 
who is less than 60 weeks’ postconceptual age. At 
any age, damage to the spinal cord is avoided by 
injecting below an imaginary line joining the iliac 
crests. 

The introduction of portable ultrasound to the 
theatre environment has greatly facilitated the provi- 
sion of regional anaesthesia for children. The fact that 
neural structures and the anatomical planes through 
which they traverse are quite superficial means that 
high resolution ultrasound can be used. Consequently, 
local anaesthetic can be deposited very precisely in pa- 
tients who are under general anaesthetic. Smaller vol- 
umes of local anaesthetic can be used and the quality 
of analgesia is generally excellent. When ultrasound is 
used, peripheral blocks can be a reliable alternative to 
central neuraxial blockade. In the very young, ultra- 
sound can aid the performance of central neuraxial 
blocks both for the definition of anatomy and visual- 
ization of the catheter. 


SPECIFIC OPERATIONS IN THE 
NEONATE 


Inguinal Hernia Repair 


This is one of the commonest operations in the neo- 
natal period. The incidence in this age group is high- 
est amongst preterm infants. There is debate about the 
most appropriate method of anaesthesia; the choice is 
based on individual patient factors and the particular 
skills and experience of the surgeon and anaesthetist. 
Spinal anaesthesia offers the advantage of a quick on- 
set with profound muscle relaxation in less than 2 min. 
Unfortunately, the duration of action is very short — of 
the order of about 40 min; the reason for this is prob- 
ably a higher cardiac index than in adults. Addition of 
an a -agonist such as phenylephrine or adrenaline may 
prolong the block to about 1h. Caudal anaesthesia is 
also possible in this situation, the main disadvantages 
being a slower onset time and the potential complica- 
tions of injecting large quantities of local anaesthetic. 
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However, the block lasts a long time so that bilateral 
hernia repair is easily possible. The child should have 
an intravenous cannula in situ, but unlike adult prac- 
tice, there is no need for volume preloading, nor is 
there a need to administer vasoactive drugs such as 
ephedrine. 


Pyloromyotomy 


Pyloric stenosis usually presents in weeks 4-8 of life. 
A previously well male child develops projectile vomit- 
ing. Untreated, the child becomes severely dehydrated 
with a hypokalaemic, hypochloraemic metabolic al- 
kalosis. Because the obstruction is at the level of the 
pylorus, the body loses hydrogen and chloride ions 
but none of the alkaline small bowel secretions. The 
kidney is thus presented with a large bicarbonate load, 
which exceeds its absorptive threshold and this results 
initially in alkaline urine. As further fluid depletion 
occurs, the renin-angiotensin-aldosterone axis is ac- 
tivated in an attempt to preserve circulating volume. 
This results in an exchange of sodium ions for hydro- 
gen and potassium ions, which leads to a paradoxical 
aciduria with a worsening hypokalaemia and meta- 
bolic alkalosis. 

The initial management is insertion of a nasogastric 
tube and an intravenous cannula. A solution of 5% glu- 
cose in 0.45% saline to which 40 mmol L~' of potassium 
chloride has been added is given at a rate of 6mL kg“ 
h~. The nasogastric tube is aspirated and the aspirate 
replaced with 0.9% saline. The child is ready for surgery 
between 24 and 48h after this regimen is started. A nor- 
mal serum potassium concentration and a bicarbonate 
concentration of 25 mmol L~ are used to indicate that 
sufficient volume replacement has taken place. 

In theatre, the child’s stomach should be washed 
with warm saline until the aspirated fluid is clear. 
Induction should be smooth, by either the inhalational 
or intravenous route according to the experience of 
the anaesthetist. Postoperative analgesia is provided 
by wound infiltration followed by either rectal or oral 
paracetamol, depending on when the surgeon decides 
that the child may be fed. 


Tracheo-Oesophageal Fistula and 
Oesophageal Atresia 

Six types of this condition (A-F) have been de- 
scribed. The commonest is C in which the proximal 
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oesophagus ends as a diverticulum and the lower part 
exists as a fistula off the trachea just above the carina. 
Cardiovascular anomalies such as a septal defect or 
coarctation of the aorta often coexist with this condi- 
tion. An echocardiogram should always be performed 
before surgery. The corrective surgery should be per- 
formed as a matter of urgency as a one-stage repair 
because delay results in soiling of the lungs and pneu- 
monitis. Preoperatively, the child should be nursed 
in an upright position to prevent soiling of the lungs 
by gastric fluid. It is important that a tube is placed 
in the diverticulum and continuous suction applied 
to aspirate the saliva that the child cannot swallow. If 
the lungs become soiled, then antibiotics and phys- 
iotherapy are required and the operation should be 
performed as soon as the child’s condition has been 
optimized. 

An inhalational induction is the preferred method 
for induction. Positive-pressure ventilation results in 
distension of the stomach and subsequent impairment 
of oxygenation. The tracheal tube should be inserted 
with the bevel facing up so that the posterior wall of 
the tube occludes the fistula. Initially, the tube should 
be inserted further than predicted and then withdrawn 
gently until both lungs are being ventilated. Manual 
ventilation is recommended because surgical traction 
may easily occlude the neonate’s soft trachea. 

Postoperatively, the lungs should be ventilated arti- 
ficially so that adequate amounts of analgesia may be 
given and also to prevent traction on the oesophageal 
anastomosis by movement of the head. 


Diaphragmatic Hernia 


In this condition, the abdominal contents herniate 
through a defect in the diaphragm, usually on the left 
side. The abdominal contents exert pressure on the 
developing lung and, if the defect is large enough, the 
mediastinum is shifted to the right and the growth of 
the contralateral lung is also impaired. Repair of the 
hernia is not an emergency and the child should be 
managed medically. Problems which have to be man- 
aged include ventilation, acidosis and pulmonary 
hypertension. Surgery is considered when the child’s 
condition has been optimized medically. Positive- 
pressure ventilation by bag and mask may expand the 
abdominal viscera and should be avoided. Nitrous 
oxide should also be avoided for the same reason. 


The defect is usually repaired through an abdominal 
incision. It is not always possible to fit the viscera in the 
peritoneal cavity, in which case a silastic silo may be 
used and the contents introduced gradually. It is wise 
to avoid cannulation of veins in the lower extremity 
because the return of abdominal viscera increases the 
pressure in the inferior vena cava. Infants who present 
soon after birth with severe symptoms do not usually 
survive because they have inadequate amounts of lung 
tissue to sustain life. 


Exomphalos and Gastroschisis 


Embryologically, these are two separate conditions. 
However, both present similar challenges to the anaes- 
thetist. The abdominal contents, which have herniated 
through the abdominal wall, offer a large surface area 
from which heat and fluid may be lost. It is impera- 
tive that the abdominal contents are placed into a clear 
sterile polythene bag as soon as possible after birth. 
The defects should be corrected as a matter of urgency. 
Nitrous oxide should be avoided to facilitate surgery 
and a nasogastric tube must be in place to decompress 
the stomach. If it is not possible to return all the viscera 
into the peritoneal cavity a silastic silo may be used. It is 
usual to ventilate the child’s lungs postoperatively be- 
cause of the reduction in compliance caused by return 
of the viscera to the peritoneum. As with all congenital 
anomalies, associated abnormalities are described with 
these conditions, particularly with exomphalos. 


Postoperative Care 


Unless they are to be admitted to an ICU, all children 
should be nursed in a properly equipped and staffed 
recovery unit. Oxygen should be administered un- 
til the child has a good oxygen saturation breathing 
room air. The cardiovascular and respiratory systems 
should be monitored and interventions carried out 
appropriately. It is becoming increasingly popular to 
have a step-down area attached to the recovery unit. 
This is an area where the child may be accompanied 
by the parents but may still be monitored closely. The 
child is returned to the ward when warm, pain-free 
and haemodynamically stable. It is the anaesthetist’s 
responsibility to ensure that appropriate analgesia and 
intravenous fluids have been prescribed. 

Useful information for dealing with paediatric 
emergencies is shown in Table 36.10. 


TABLE 36.10 


Paediatric Resuscitation Chart 


AGE AND WEIGHT 

Neonate 3 Months 1 Year 3 Years 6 Years 8 years 12 years 

3.5kg 5kg 10kg 15kg 20kg 25kg 40kg 
Tracheal Tube 
Size; mm 3.0-3.5 3.5-4.0 4.5 5.0 6.0 5.5 (cuffed) 6.5 (cuffed) 
Length (oral); cm 9 10 11 13 14 15 17 
Length (nasal); cm 11 13 14 16 19 20 22 
Adrenaline 1:10 000 
i.v./1.0./t.0.1 mL kg" 0.5mL 0.5mL TmL 1.5mL 2mL 2.5mL 4mL 
repeated as necessary 
Sodium Bicarbonate 8.4% 
1mL kg! i.v. 3mL SmL 10mL 15mL 20mL 25mL 40 mL 
Atropine 500 pug in S5mL 
0.2 mL kg"! i.v./t. TmL TmL 2mL 3mL 4mL SmL 8mL 
Calcium Chloride 10% 
0.1 mL kg"! i.v. 0.5mL 0.5mL TmL 1.5mL 2mL 2.5mL 4mL 
Defibrillation (J) 
AJkg"" 10 20 40 60 80 100 160 
Colloid Volume (mL) 
10 mL kg™'x 2-3 as necessary 35 50 100 150 200 250 400 


v., intravenous; i.o., intraosseous; t., tracheal. 


N.B. All drugs and fluids may be administered via the intraosseous route. 


Drug infusions 

Adrenaline: 0.03 mg kg™' in 50 mL glucose 5%; start at 2 mLh™'. 
Dopamine: 3 mg kg" in 50 mL glucose 5%; 3-20 mLh™'. 
Dobutamine: 3 mg kg™' in 50 mL glucose 5%; 5-20 mLh™'. 
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EMERGENCY ANAESTHESIA 


atients scheduled for elective surgery are usually 
in optimal physical and mental condition, with a defini- 
tive surgical diagnosis; any coexisting medical disease is 
defined and well controlled. In contrast, the patient with 
a surgical emergency may have an uncertain diagnosis 
and uncontrolled coexisting medical disease, in addi- 
tion to any physiological derangements resulting from 
their surgical pathology. Thus, a major principle gov- 
erning the practice of emergency anaesthesia is to iden- 
tify and, if time permits, correct any major physiological 
abnormalities preoperatively. In addition, the anaes- 
thetist must be prepared for potential complications 
arising as a consequence of anaesthetizing a patient in 
sub-optimal condition. These include vomiting and 
regurgitation, hypovolaemia and haemorrhage, and ab- 
normal reactions to drugs in the presence of electrolyte 
disturbances and renal impairment. 


PREOPERATIVE ASSESSMENT 


The objective of emergency anaesthesia is to permit 
correction of the surgical pathology with the mini- 
mum risk to the patient. This requires adequate and 
accurate preoperative evaluation of the patient’s gen- 
eral condition, with particular attention to specific 
problems that may influence anaesthetic management. 

The likely surgical diagnosis, and the extent and 
urgency of the proposed surgery must be discussed 
with surgical and medical colleagues preoperatively. 
The urgency for surgery is most helpfully conveyed 
using a recognized classification system, such as the 
one created by the National Confidential Enquiry into 
Patient Outcome and Death (NCEPOD) (Table 37.1). 


The nature and urgency of the planned surgery dictate 
the extent of preoperative preparation and anaesthetic 
technique. They also influence plans for postoperative 
care, which may include transfer to a HDU/ICU 
facility. 

During the preoperative visit a past medical and 
drug history is elicited. In particular, the patient’s de- 
gree of cardiorespiratory reserve should be established, 
even if there is no formal diagnosis of cardiovascular 
or respiratory disease. The presence and severity of 
symptoms suggestive of reduced reserve such as an- 
gina, productive cough, orthopnoea or paroxysmal 
nocturnal dyspnoea should be sought. The patient’s 
functional capacity is of useful prognostic value and 
can be simply quantified in terms of metabolic equiva- 
lents (METS). 1 MET is a unit of resting oxygen con- 
sumption and appropriate questioning can allow an 
estimate of the patient’s maximal oxygen consump- 
tion capacity (VO, max) (Table 37.2 and Ch 18 [Table 
18.1]). A patient who is unable to perform activity at 
4 METs or more is at increased risk of perioperative 
cardiac complications. 

Depending upon the urgency of surgery, the physi- 
cal examination may be targeted to identify significant 
cardiorespiratory dysfunction or any abnormalities 
that might lead to technical difficulties during anaes- 
thesia. Basal crepitations, pitting oedema and raised 
jugular venous pulse signify impaired ventricular 
function and limited cardiac reserve, which signifi- 
cantly increase the risk of anaesthesia. It is also im- 
portant to exclude arrhythmias and heart sounds 
indicative of valvular heart disease, as these influence 
the patient’s response to physiological challenges and 
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TABLE 37.1 


NCEPOD Classification of Intervention 


Target Time to 


Code Category Description Theatre Expected Location Examples Typical Procedures 

1 Immediate Immediate (A) Within minutes Next available -Ruptured aortic -Repair of ruptured 
life-saving or of decision to operating theatre - aneurysm aortic aneurysm 
(B) limb or operate “break in” to -Major trauma to -Laparotomy/ 
organ saving existing lists, if abdomen or thorax thoracotomy 
intervention. required -Fracture with major for control of 
Resuscitation neurovascular deficit haemorrhage 
simultaneous 
with surgical 
intervention 

2 Urgent Acute onset or Within hours Day time -Compound fracture -Debridement plus 
deterioration of of decision to “emergency list” -Perforated bowel fixation of fracture 
conditions that operate and Or with peritonitis -Laparotomy for 
threaten life, normally once Out-of-hours -Critical organ or perforation 
limb or organ resuscitation emergency limb ischaemia 
survival; fixation complete theatre -Penetrating eye injury 
of fractures; relief (including at 
of distressing night) 
symptoms 

3 Expedited Stable patient Within days Elective list which -Tendon and nerve -Repair of tendon and 
requiring early of decision to has “spare” injuries nerve injuries 
intervention operate capacity -Stable & non-septic -Excision of tumour 
for a condition Or patients for wide with potential to 
that is not an Day time range of surgical bleed or obstruct 
immediate threat emergency list procedures 
to life, limb or (not at night) -Penetrating eye 
organ survival injuries 

4 Elective Surgical Planned Elective theatre -Encompasses -Elective AAA repair 
procedure list booked & all conditions -Laparoscopic 
planned planned before not classified as cholecystectomy 
or booked admission immediate, urgent or 
in advance expedited 
of routine 


admission to 
hospital 


CSL 


LE 
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TABLE 37.2 


Metabolic Equivalents 


MET Score Approximate Level of Activity 

1 Dress, walk indoors 

2 Light housework, slow 
walk 

4 Climb one flight of stairs 

6 Moderate sport eg golf or 
dancing 

10 Strenuous sport or 


exercise 


thus anaesthetic management. Assessment of respira- 
tory function is particularly difficult, as the patient in 
pain (with or without peritoneal irritation) may be 
unable to cooperate with pulmonary function testing. 

Valuable information about the patient’s condition 
can also be obtained from the bedside observations 
chart. In particular, trends in physiological variables 
such as arterial pressure, heart rate and respiratory 
rate may signal a deteriorating condition, and even 
impending decompensation. 

Preoperative evaluation of the airway is always im- 
portant. The standard clinical tests of airway assess- 
ment should be used (see Ch 21: The practical conduct 
of anaesthesia) and any previous anaesthetic charts 
consulted if available. A history of difficult intubation 
is of considerable significance; however, a past record 
of easy tracheal intubation does not guarantee future 
success. In emergency anaesthesia, airway difficulties 
may be caused by the patient’s usual anatomy, but also 
surgical pathology such as dental abscesses, trauma 
and bleeding or haematoma. If a rapid-sequence in- 
duction is contemplated, then contingency plans are 
required for management of the patient in the event 
of failure to intubate the trachea. If a high degree of 
difficulty in tracheal intubation is anticipated then an 
awake technique may be necessary. 

The final stage of the preoperative assessment is to 
review any laboratory investigations, including ECGs, 
radiological imaging and arterial blood gases where 
appropriate. The availability of blood products should 
be checked if necessary and urgent requests should be 
made for any additional tests which may influence pa- 
tient management. 
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Assessment of Circulating Volume 


Assessment of intravascular volume is essential, as 
underestimated or unrecognized hypovolaemia may 
lead to circulatory collapse during induction of anaes- 
thesia, which attenuates the sympathetically mediated 
increases in arteriolar and venous constriction as well 
as reducing cardiac output. In any patient in whom 
fluid is sequestered or lost (e.g. peritonitis, bowel ob- 
struction) or in whom haemorrhage has occurred (e.g. 
trauma), the anaesthetist should try to quantify the 
circulating/intravascular blood volume or extracellu- 
lar fluid volume, and correct any deficit. 


Intravascular Volume Deficit 


Blood loss may be assessed using the patient’s his- 
tory and any measured losses, but more commonly 
the anaesthetist has to rely on clinical evaluation of 
the patient’s current cardiovascular status. Profound 
circulatory shock with hypotension, poor peripheral 
perfusion, oliguria and altered cerebration is easy 
to recognize. However, a more careful assessment is 
needed to recognise the early manifestations of haem- 
orrhage, such as tachycardia and cutaneous vasocon- 
striction. Useful indices include heart rate, arterial 
pressure (especially pulse pressure), the state of the 
peripheral circulation, central venous pressure and 
urine output. Table 37.3 describes approximate cor- 
relations among these clinical indices and the extent 
of haemorrhage, but it should be stressed that these 
refer to the ‘ideal’ patient. In young, healthy adults, ar- 
terial pressure may be an unreliable guide to volume 
status because compensatory mechanisms can prevent 
a measurable decrease in arterial pressure until more 
than 30% of the patient’s blood volume has been lost. 
In such patients, attention should be directed to pulse 
rate, skin circulation and a narrowing pulse pressure. 
Tachycardia in the presence of a normal arterial pres- 
sure should never automatically be attributed to pain 
or anxiety if there is a clinical history consistent with 
the potential for intravascular volume loss. In elderly 
patients with widespread arterial disease, limited car- 
diac reserve and a rigid vascular tree (fixed total pe- 
ripheral resistance), signs of severe hypovolaemia may 
become evident when blood volume has been reduced 
by as little as 15%. However, as baroreceptor sensitiv- 
ity decreases with age, elderly patients may exhibit less 
tachycardia for any degree of volume depletion. 
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TABLE 37.3 


Clinical Indices of Extent of Blood Loss 


1 2 3 4 
Class of Hypovolaemia Minimal Mild Moderate Severe 
Percentage blood volume 10 20 30 Over 40 
lost 
Volume lost (mL) 500 1000 1500 2000+ 
Heart rate (beat min”) Normal 100-120 120-140 Over 140 
Arterial pressure Normal Orthostatic Systolic below 100 Systolic below 80 


(mmHg) hypotension 

Urinary output (mLh"') Normal (1 mL kg h”) 20-30 10-20 Nil 

Sensorium Normal Normal Restless Impaired 
consciousness 

State of peripheral Normal Cool and pale Cold and pale, slow Cold and clammy 


circulation 


In general, hypovolaemia does not become appar- 
ent clinically until circulating blood volume has been 
reduced by at least 20% (approximately 1000mL). A 
reduction by more than 30% of blood volume occurs 
before the classic ‘shock syndrome’ is produced, with 
hypotension, tachycardia, oliguria and cold, clammy 
extremities. Haemorrhage greater than 40% of blood 
volume may be associated with loss of the compensa- 
tory mechanisms that maintain cerebral and coronary 
blood flow, and the patient becomes restless, agitated 
and eventually comatose. In patients with major 
trauma, it is valuable to compare the clinical assess- 
ment of the extent of haemorrhage with the measured 
or assumed loss. A marked disparity between these two 
estimates often leads to a diagnosis of a further con- 
cealed source of haemorrhage. 

Whilst clinical evaluation remains the most im- 
portant and most frequently used guide to the man- 
agement of intravascular volume deficit, the use of 
non-invasive and minimally-invasive methods of car- 
diac output measurement in this setting is growing. 
These techniques may be of particular benefit in guid- 
ing the immediate resuscitation of frail or critically ill 
patients. 


Extracellular Volume Deficit 


Assessment of extracellular fluid volume deficit is 
difficult. Guidance may be obtained from the nature 
of the surgical condition, the duration of impaired 


capillary refill Peripheral cyanosis 


fluid intake and the presence and severity of symp- 
toms associated with abnormal losses (e.g. vomit- 
ing). At the time of the earliest radiological evidence 
of intestinal obstruction, there may be 1500 mL of 
fluid sequestered in the bowel lumen. If the obstruc- 
tion is well established and vomiting has occurred, 
the extracellular fluid deficit may exceed 3000 mL. 
Table 37.4 describes some of the clinical features seen 
with varying degrees of severity of extracellular fluid 
losses. It is clear that considerable losses must occur 
before clinical signs are apparent, and that these signs 
are often subjective in more minor degrees of extra- 
cellular fluid deficit. 

In addition to clinical signs, laboratory investiga- 
tions may also indicate extracellular fluid volume 
deficit. Haemoconcentration results in an increased 
haemoglobin concentration and an increased packed 
cell volume. As dehydration becomes more marked, 
renal blood flow diminishes, reducing renal clear- 
ance of urea and consequently increasing the blood 
urea concentration. Patients with moderate volume 
contraction exhibit a ‘pre-renal’ pattern of uraemia 
characterized by an increase in blood urea out of pro- 
portion to any increase in serum creatinine concen- 
tration. Under maximal stimulation from ADH and 
aldosterone, conservation of sodium and water by the 
kidneys results in excretion of urine of low sodium 
concentration (0-15mmolL") and high osmolality 
(800-1400 mosmol kg“). 
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TABLE 37.4 


Indices of Extent of Loss of Extracellular Fluid 


Percentage Body Weight Lost as Water mL of Fluid Lost per 70kg Signs and Symptoms 

Over 4% (mild) Over 2500 Thirst, reduced skin elasticity, decreased intraocular 
pressure, dry tongue, reduced sweating 

Over 6% (mild) Over 4200 As above, plus orthostatic hypotension, reduced 
filling of peripheral veins, oliguria, low CVP, apathy, 
haemoconcentration 

Over 8% (moderate) Over 5600 As above, plus hypotension, thready pulse with cool 
peripheries 

10-15% (severe) 7000-10 500 Coma, shock followed by death 


Once the extent of blood volume or extracellular 
fluid volume deficit has been estimated, deficits should 
be corrected with the appropriate intravenous fluid. The 
overall priority is to maintain adequate tissue perfusion 
and oxygenation, therefore correction of intravascular 
deficit takes precedence — hypovolaemia due to blood 
loss should be treated with either a balanced crystalloid 
solution (such as Hartmann’s solution) or a suitable col- 
loid until packed red cells are available (see Ch 12: Fluid, 
electrolyte and acid-base balance). Resuscitation is usu- 
ally guided by clinical indices of circulating volume sta- 
tus and organ perfusion. Central venous pressure (CVP) 
measurement has often been used to guide fluid therapy 
but CVP has limitations when used to predict intravas- 
cular volume status and responsiveness to infused flu- 
ids. High-risk surgical patients may benefit from the use 
of (non-invasive) cardiac output measuring devices to 
direct fluid resuscitation towards predetermined goals 
for cardiac output and systemic oxygen delivery. 

Extracellular fluid deficit is usually corrected after 
the correction of any intravascular deficit, by adjusting 
maintenance fluid infusion rates. Losses from vomiting 
or gastric aspirates are best replaced by crystalloid solu- 
tions containing an appropriate potassium supplement. 
Hartmann’s solution is often used, although hypochlor- 
aemia is an indication for saline 0.9% (with additional 
potassium). Lower GI losses, such as those due to diar- 
rhoea or intestinal obstruction, are normally replaced 
volume-for-volume with Hartmann’s solution. 


THE FULL STOMACH 


Vomiting or regurgitation of gastric contents, followed 
by aspiration into the tracheobronchial tree whilst 


protective laryngeal reflexes are obtunded, is one of 
the commonest and most devastating hazards of emer- 
gency anaesthesia. 

Vomiting is an active process that occurs in the 
lighter planes of anaesthesia. Consequently, it is a 
potential problem during induction of, or emergence 
from, anaesthesia, but should not occur during main- 
tenance if anaesthesia is sufficiently deep. In light 
planes of anaesthesia, the presence of vomited material 
above the vocal cords stimulates spasm of the cords. 
This reflex provides a degree of protection against 
material entering the larynx and tracheobronchial 
tree. However, apnoea occurs as a consequence and 
may persist until severe hypoxaemia or even cardiac 
arrest occurs. If the spasm does resolve then aspira- 
tion may occur unless the supraglottic debris has been 
cleared by the anaesthetist before the resumption of 
ventilation. 

In contrast to vomiting, regurgitation is a passive 
process that may occur at any time, is often ‘silent’ (i.e. 
not apparent to the anaesthetist) and, if aspiration 
occurs, may have clinical consequences ranging from 
minor pulmonary sequelae to fulminating aspiration 
pneumonitis and acute respiratory distress syndrome 
(ARDS). Regurgitation usually occurs in the presence 
of deep anaesthesia or at the onset of action of neu- 
romuscular blocking drugs, when laryngeal protec- 
tive reflexes are absent and so the risk of aspiration is 
increased. 

The most important factors determining the risk 
and degree of gastric regurgitation are lower oesopha- 
geal sphincter function and residual gastric volume, 
which itself is largely determined by the duration of 
fasting and rate of gastric emptying. 
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The Lower Oesophageal Sphincter 


The lower oesophageal sphincter (LOS) is a 2-5cm 
length of oesophagus with higher resting intralumi- 
nal pressure situated just proximal to the cardia of the 
stomach. The sphincter relaxes during oesophageal 
peristalsis to allow food into the stomach, but remains 
contracted at other times. The structure cannot be de- 
fined anatomically but may be detected using intralu- 
minal pressure manometry. 

The LOS is the main barrier preventing reflux of 
gastric contents into the oesophagus. Many drugs used 
in anaesthetic practice affect the resting tone of the 
LOS. Reflux is related not to the LOS tone per se, but 
to the difference between gastric and LOS pressures; 
this is termed the barrier pressure. Drugs that increase 
the barrier pressure (e.g. cyclizine, anticholinesterases, 
a-adrenergic agonists and metoclopramide) decrease 
the risk of reflux. For many years it was thought 
that the increase in intragastric pressure during 
succinylcholine-induced fasciculations predisposed 
to reflux. However, LOS tone is also increased by suc- 
cinylcholine and so barrier pressure is maintained. 

Anticholinergic drugs, ethanol, tricyclic antidepres- 
sants, opioids and thiopental reduce LOS pressure and 
it is reasonable to assume that these drugs increase the 
tendency to gastro-oesophageal reflux. 


Gastric Emptying 


Gastric emptying results from peristaltic waves sweep- 
ing from cardia to pylorus at a rate of approximately 
three per minute, although temporary inhibition of 
gastric motility follows recent ingestion of a meal. 
The gastric emptying of clear fluids is an exponential 
process, i.e. the rate of emptying at any given time is 
proportional to the volume of liquid in the stomach. 
The half-time for this process is about 20 min, so less 
than 2% of ingested clear fluid remains in the stomach 
at 2h. The gastric emptying of solids is roughly linear, 
i.e. occurs at a constant rate, and usually begins about 
30 min after ingestion of a meal. The rate of emptying 
varies depending on the composition of food ingested. 
Typically, about 50% of food reaches the duodenum 
within 2h although meals high in fat content may take 
considerably longer. The rate of gastric emptying is 
also significantly delayed if the mixture reaching the 
duodenum is very acidic or hypertonic (the inhibi- 
tory enterogastric reflex), but both the nervous and 


humoral elements of this regulating mechanism are 
still poorly understood. Many pathological conditions 
reduce gastric emptying (Table 37.5). In the absence 
of any of these factors, it is reasonably safe to assume 
that the stomach is empty provided that solids have 
not been ingested within the preceding 6h, or clear flu- 
ids consumed in the preceding 2h, and provided that 
normal peristalsis is occurring. This is the usual case 
for elective surgical patients. However, in emergency 
surgery it may be necessary to induce anaesthesia 
urgently before an adequate period of starvation 
occurs. In addition, the patient’s surgical condition is 
often accompanied by delayed gastric emptying or ab- 
normalities of peristalsis. In these circumstances, even 
if the usual period of fasting has been observed it can- 
not be assumed that the patient’s stomach is empty. 

In patients who have sustained a significant trauma 
injury, gastric emptying virtually ceases as a result of 
the combined effects of fear, pain, shock and treat- 
ment with opioid analgesics. In these patients, the 
interval between ingestion of food and the injury is a 


TABLE 37.5 


Situations in Which Vomiting or 
Regurgitation May Occur 


Full stomach 


With absent or abnormal peristalsis 
Peritonitis of any cause 
Postoperative ileus 
Metabolic ileus: hypokalaemia, uraemia, diabetic 
ketoacidosis 
Drug-induced ileus: anticholinergics, those with 
anticholinergic side-effects 


With obstructed peristalsis 
Small or large bowel obstruction 
Gastric carcinoma 
Pyloric stenosis 


With delayed gastric emptying 
Diabetic autonomic neuropathy 
Fear, pain or anxiety 
Late pregnancy 
Opioids 
Head injury 


Other causes 
Hiatus hernia 
Oesophageal strictures - benign or malignant 


Pharyngeal pouch 


more reliable index of residual stomach volume than 
the period of fasting observed since injury. It is not 
uncommon to encounter vomiting 24h or longer af- 
ter ingestion of food when trauma has occurred very 
shortly after a meal. In these patients, a patient’s sensa- 
tion of hunger should not be used to indicate an empty 
stomach: sensations of hunger and satiety are com- 
plex and are unreliable indicators of stomach volume. 
Bedside ultrasonography is a more objective tool for 
determining gastric content and its use may become 
more widespread. 

Injury from aspiration of gastric contents results 
from three different mechanisms: chemical pneumo- 
nitis (from acid material), mechanical obstruction 
from particulate material and bacterial contamination. 
Aspiration of liquid with a pH <2.5 is associated with a 
chemical burn of the bronchial, bronchiolar and alveo- 
lar mucosa, leading to atelectasis, pulmonary oedema 
and reduced pulmonary compliance. Bronchospasm 
may also be present. The claim that patients are at risk 
if they have more than 25mL of gastric residue with 
a pH <2.5 is based on data from animal studies ex- 
trapolated to humans and should not be regarded as 
indisputable fact. Day-case patients often have residual 
gastric volumes greater than 25 mL. 

If aspiration of gastric contents occurs, the first 
manoeuvre after the airway is secured is to suction 
the trachea to remove as much foreign material as 
possible. If particulate matter is obstructing proximal 
bronchi, bronchoscopy may be necessary. Hypoxaemia 
is managed with O,, IPPV and PEEP. Steroids are not 
recommended and antibiotics are not given routinely 
unless the aspirated material is considered unsterile. 


TECHNIQUES OF ANAESTHESIA 


It is important to recognize any patient who may 
have significant gastric residue and who is in danger 
of aspiration. The anaesthetic management of such a 
patient may be described in five phases: preparation, 
induction, maintenance, emergence and postoperative 
management. 


Phase I - Preparation 


Whilst it may be necessary to postpone surgery in the 
emergency patient to obtain investigations and resus- 
citate with i.v. fluids, there is usually little benefit in 
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terms of reducing the risk of aspiration of gastric con- 
tents; the risk of aspiration must be weighed against 
the risk of delaying an urgent procedure. However, two 
manoeuvres are available: 


m Although not completely effective, insertion of 
a nasogastric tube to decompress the stomach 
and to provide a low-pressure vent for regurgita- 
tion may be helpful. Aspiration through the tube 
may be useful if gastric contents are liquid, as in 
bowel obstruction, but is less effective when con- 
tents are solid. Cricoid pressure is still effective 
at reducing regurgitation even with a nasogastric 
tube in situ. 

m Clear oral antacids (e.g. sodium citrate) may 
be used to raise the pH of gastric contents im- 
mediately before induction. However, this also 
increases gastric volume. Particulate antacids 
should not be used, as they may be very damag- 
ing to the airway if aspirated. The preoperative 
administration of H,-receptor antagonists con- 
sistently raises gastric pH and may reduce the 
chance of chemical pulmonary injury occurring 
in the event of inhalation. Although this is stan- 
dard practice in obstetric anaesthesia, few anaes- 
thetists employ these measures for emergency 
general surgery. The regimens available are 
described in Chapter 35. 


Phase II — Induction 
Rapid-Sequence Induction 


This is the technique used most frequently for the pa- 
tient with a full stomach. The phrase ‘rapid-sequence’ 
hints at one of the fundamental goals of this technique, 
which is to minimize as much as possible the duration 
of time between loss of consciousness and tracheal in- 
tubation, during which the patient is at greatest risk of 
aspiration of gastric contents. In achieving this goal, 
this technique contravenes one of the fundamen- 
tal rules of anaesthesia, namely that neuromuscular 
blockers are not injected until control of the airway is 
assured. The decision to employ the rapid-sequence 
induction technique balances the risk of losing control 
of the airway against the risk of aspiration. Therefore 
it is vital to assess carefully the likelihood of difficult 
laryngoscopy or tracheal intubation. The anaesthetist 
must have a contingency plan prepared for patient 
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management should intubation fail. If preoperative 
evaluation indicates a particularly difficult airway, al- 
ternative methods should be considered, e.g. local an- 
aesthetic techniques or ‘awake intubation’ under local 
anaesthesia. 

For rapid-sequence induction to be consistently 
safe and successful, it should be performed with me- 
ticulous attention to detail and preparation is neces- 
sary. The patient must be on a tipping trolley or table, 
preferably with an adjustable headpiece so that the de- 
gree of neck extension/flexion may be altered quickly. 
Ideally the patient’s head should be in the classic ‘sniff- 
ing position’ with the neck flexed on the shoulders and 
the head extended on the neck. Failure to appreciate 
this point increases the likelihood of difficult intu- 
bation. The optimal incline of the operating table is 
debatable: some authorities recommend the reverse 
Trendelenburg (head-up) position (to prevent regur- 
gitation) and others the classic Trendelenburg position 
(to prevent aspiration of any regurgitated or vomited 
material). In general, the optimum position is that 
in which the trainee anaesthetist has gained greatest 
experience in performing intubation. 

The anaesthetist must be aided by at least one skilled 
assistant to perform cricoid pressure, assist in turn- 
ing the patient, obtain smaller tracheal tubes, supply 
stylets for tubes, etc. High-volume suction apparatus 
must be functioning and the suction catheter should 
be within easy reach of the anaesthetist’s hand (com- 
monly placed under the patient’s pillow). As with any 
anaesthetic, the machine should have been checked 
before starting, the ventilator adjusted to appropriate 
settings and all drugs drawn up into labelled syringes 
before induction. An i.v. cannula should be sited and 
connected to running fluid, to aid circulation of drugs 
to the brain. Appropriate monitoring devices should 
be attached. 

Before inducing anaesthesia, it is essential to pre- 
oxygenate the patient’s lungs with 100% oxygen. The aim 
is to denitrogenate the lungs and maximize the oxygen 
reservoir available to the patient from their functional 
residual capacity, which will delay the onset of hypoxia 
if difficulty is encountered whilst securing the airway. 
The patient should breathe 100% O, for 3-5 min, or 
until the end-tidal oxygen concentration is >85%. In 
extreme emergencies this process can be quickened by 
asking the patient to make 8 vital capacity breaths. 


Heart rate, arterial pressure (and, when appropri- 
ate, central venous pressure) and ECG are monitored 
before induction of anaesthesia, and a skilled assistant 
is in position at the patient’s side to perform Sellick’s 
manoeuvre (cricoid pressure). It is important that the 
assistant can identify the cricoid cartilage, as compres- 
sion of the thyroid cartilage distorts laryngeal anatomy 
and may render tracheal intubation very difficult. To 
perform Sellick’s manoeuvre correctly, the thumb and 
forefinger press the cricoid cartilage firmly in a pos- 
terior direction with a force of 20-40N, thus com- 
pressing the oesophagus between the cricoid cartilage 
and the vertebral column. Because the cricoid cartilage 
forms a complete ring, the tracheal lumen is not dis- 
torted (Fig. 37.1). 

Opinions differ with regard to the time at which 
cricoid pressure should be applied. Some prefer to in- 
form the patient and apply it just before administra- 
tion of the i.v. induction agent; others apply it as soon 
as consciousness is lost. 

With the assistant in position, a predetermined 
sleep dose of i.v. anaesthetic induction agent is injected. 
This is followed immediately by the administration 
of a paralysing dose of succinylcholine (1.5mgkg") 
without waiting to assess the effect of the induction 
agent. Manually ventilating the patient’s lungs whilst 
waiting for muscle paralysis is sometimes avoided for 


Thumb and index finger 
apply cricoid pressure 


‘Adam's apple’ 


Trachea Cricoid Thyroid 
cartilage cartilage 
FIGURE 37.1 ™ Sellick’s manoeuvre. The cricoid cartilage is 


palpated immediately below the thyroid cartilage. 


fear of causing gastric insufflations and increasing the 
risk of aspiration. As soon as the jaw begins to relax or 
fasciculations have ceased, laryngoscopy is performed 
and the trachea intubated. Cricoid pressure is main- 
tained until the cuff of the tracheal tube is inflated and 
correct placement of the tube has been confirmed, by 
auscultation of both lungs and the presence of end- 
tidal carbon dioxide. The exception to this rule is in 
instances of vomiting after induction, where mainte- 
nance of cricoid pressure could lead to oesophageal 
rupture. 

After successful intubation, the lungs are gently 
ventilated by hand, as excessive increases in intratho- 
racic pressure may have harmful effects on circulatory 
dynamics. One of the main disadvantages of the rapid- 
sequence induction technique is the haemodynamic 
instability that may result if the dose of induction 
agent is excessive (hypotension, circulatory collapse) 
or inadequate (hypertension, tachycardia). 

Thiopental has long been regarded as the i.v. induc- 
tion agent of choice for RSI. It provides a rapid loss 
of consciousness with a clearly defined end-point. 
A dose of 4-5 mgkg™ can reliably be predicted to be 
sufficient for healthy young patients, but much less 
(1.5-2mgkg) is required in the elderly and frail or 
hypovolaemic patient. In the critically ill patient with a 
metabolic acidosis, the unbound fraction of the drug is 
increased and this will also reduce dose requirements. 
In comparison to thiopental, propofol 1.5-2mgkg" 
causes greater suppression of laryngeal reflexes and 
may be more familiar to junior anaesthetists, owing to 
its everyday use in anaesthesia for elective procedures. 
However, propofol causes more cardiovascular depres- 
sion than thiopental and should be used with caution. 
Another alternative is etomidate 0.1-0.3 mgkg™ which 
has the advantage of less cardiodepressant effects but 
its use is limited by adverse effects of adrenal suppres- 
sion. Ketamine 1.5 mgkg` has a slower speed of onset 
and poorly defined end-point compared to thiopental. 
However, it causes the least cardiovascular depression 
of any induction agent and is often used in severely 
shocked patients. 

It is sometimes inferred from the term RSI that 
the i.v. anaesthetic should be injected rapidly. This is 
not the case: RSI means that a predetermined dose of 
iv. anaesthetic drug is immediately followed by injec- 
tion of the neuromuscular blocking drug, and before 
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waiting for signs of unconsciousness. Too rapid an 
injection of i.v. agent may exaggerate cardiovascular 
depression in the compromised patient, and bolus 
doses of all intravenous anaesthetics during RSI 
should be given over several seconds. Opioids are often 
injected along with intravenous anaesthetics at induc- 
tion of anaesthesia for elective surgery, but ‘classical’ 
teaching suggests they should be omitted during RSI 
despite their potential benefits — for example attenu- 
ating the sympathetic response to intubation. This is 
largely because of concerns about delaying the onset of 
spontaneous respiration in the event of failed intuba- 
tion. However, shorter acting drugs such as alfentanil 
are increasingly used as part of an RSI and may allow 
reduced doses of i.v. anaesthetic induction agents. 

Succinylcholine is used as the neuromuscular 
blocker for RSI because it has two very desirable prop- 
erties: a rapid onset of action facilitates speedy intu- 
bation and therefore minimizes the risk of aspiration, 
whilst a short duration of action allows for a quicker 
onset of spontaneous ventilation in the event of failed 
intubation. However, it also causes a number of un- 
desirable effects including increased serum potassium 
concentrations, muscle pains and, rarely, malignant 
hyperthermia. The incidence of anaphylaxis is also 
higher than that of other neuromuscular block- 
ing drugs. High-dose rocuronium (0.9-1.2 mgkg") 
achieves intubating conditions in a comparable time 
to succinylcholine but its use in RSI has been limited 
by a more prolonged duration of action. However, su- 
gammadex allows rapid reversal of the effects of ro- 
curonium through encapsulation of the rocuronium 
molecule. The availability of sugammadex may there- 
fore enable high-dose rocuronium to be used as an al- 
ternative to succinylcholine in RSI. 


Inhalational Induction 


If there is reasonable doubt about the ability to per- 
form intubation or to maintain a patent airway in a 
patient with a full stomach (e.g. the patient with facial 
trauma, epiglottitis or bleeding tonsil), an inhalational 
induction may be used with oxygen and halothane 
or sevoflurane. When the patient has reached a deep 
plane of anaesthesia, laryngoscopy is performed fol- 
lowed by an attempt at tracheal intubation during 
spontaneous ventilation. Normally, the patient should 
be placed in the left lateral, head-down position, but 
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if circumstances do not allow the lateral position then 
the supine posture with cricoid pressure may have to 
be accepted. Indeed a modification of this technique 
may be used in any elderly, frail patient who may not 
tolerate i.v. induction agents. Anaesthesia may be in- 
duced by inhalational induction with the maintenance 
of cricoid pressure and, when the patient is sufficiently 
anaesthetized, succinylcholine injected and the trachea 
intubated. 


Awake Intubation 


Although blind nasal intubation is a valuable skill, the 
introduction of the narrow-gauge fibreoptic intubating 
laryngoscope has replaced it as the technique of choice 
in those patients who are likely to develop unrelievable 
airway obstruction when loss of consciousness occurs 
(e.g. trismus from dental abscess) or who are known 
or suspected to pose difficulties with intubation. Such 
endoscopic tracheal intubations may be performed via 
either the nasal route (more commonly used) or the 
oral route (see Ch 22: Management of the difficult airway). 
Before embarking on awake fibreoptic nasal intubation, 
the nasopharynx and, to a greater or lesser extent, the 
upper airway must be rendered insensitive, so that the 
patient can tolerate the introduction of a tracheal tube 
(see Ch 43: Complications during anaesthesia). 


Regional Anaesthesia 


The use of regional anaesthesia is increasing in the 
UK, partly because of the growth in the practice of 
ultrasound-guided regional anaesthetic techniques. 
Many regional techniques are eminently suitable for 
emergency procedures on the extremities (e.g. to re- 
duce fractures or dislocations). 

Brachial plexus block by the axillary, supraclavicu- 
lar or interscalene approach is satisfactory for ortho- 
paedic manipulations or surgical procedures involving 
the upper extremity. It satisfies surgical requirements 
for analgesia, muscle relaxation and immobility. There 
are minimal effects on the cardiovascular system and 
there is a prolonged period of analgesia postopera- 
tively. Similarly, i-v. regional anaesthesia is useful for 
the manipulation or reduction of a fractured wrist; 
prilocaine 0.5% plain is the drug of choice as it is the 
least toxic local anaesthetic drug and has the largest 
therapeutic index. If prilocaine is not available, then 
lidocaine 0.5% plain is acceptable. 


For regional anaesthesia of the lower extremity, 
available techniques include subarachnoid, epidural 
and sciatic/femoral blocks. Spinal and epidural blocks 
are contraindicated if there is doubt about the ad- 
equacy of extracellular fluid or vascular volumes, as 
large decreases in arterial pressure may result from the 
associated pharmacological sympathectomy. 

It is a common surgical misconception that sub- 
arachnoid or epidural anaesthetic techniques are safer 
than general anaesthesia for patients in poor physical 
condition. It must be emphasized that for the inexpe- 
rienced anaesthetist, these techniques are invariably 
more dangerous than general anaesthesia for the pa- 
tient with moderate/major trauma or any intra- 
abdominal emergency condition. 


Phase III - Maintenance of Anaesthesia 


If a rapid-sequence induction has been performed, 
the patient’s lungs are gently ventilated manually 
whilst heart rate and arterial pressure measurements 
are repeated to assess the cardiovascular effects of the 
drugs used and of the stimulus of tracheal intubation. 
Capnography is essential throughout anaesthesia and 
gives valuable information about perfusion and venti- 
lation of the lungs. 

When there is evidence of return of neuromus- 
cular transmission (by clinical signs or from a nerve 
stimulator) as succinylcholine is degraded, a non- 
depolarizing neuromuscular blocker is administered. 
The choice depends on the patient’s condition, and the 
effect of the induction of anaesthesia on the patient’s 
cardiovascular status. Both rocuronium and atracu- 
rium are appropriate drugs for routine use, although 
the pharmacokinetics of atracurium make it the logi- 
cal choice for the older patient. Atracurium has virtu- 
ally no cardiovascular effects in clinical doses and is 
useful if there is any doubt about renal function. 

When the neuromuscular blocker has been injected, 
the tracheal tube is connected to a mechanical ventila- 
tor and minute volume adjusted to produce normo- 
capnia. Ventilators are now increasingly sophisticated 
and incorporate a choice of ventilation modes. The 
choice is usually between pressure controlled or vol- 
ume controlled ventilation. It can be difficult to predict 
ventilator requirements, but initial settings should aim 
to produce a minute volume of 75-100 mLkg“ min" 
with a tidal volume of 6-8mLkg". The inspiratory 


flow rate should be adjusted to minimize peak airway 
pressure, and the capnograph waveform and pres- 
sure volume loops should be inspected regularly to 
guide the further adjustment of ventilator settings. 
Maintenance of core temperature is a very important 
aspect of intraoperative management — core tempera- 
ture should be monitored throughout the procedure 
and hypothermia avoided whenever possible (see Ch 
43: Complications during anaesthesia). 

Before the initial surgical incision is made, analge- 
sia may be supplemented by incremental i.v. doses of 
morphine 1-5 mg or fentanyl 25-100 ug. Morphine is 
probably the analgesic of choice for emergency surgery. 
With repeated doses, fentanyl can accumulate and may 
have an even longer elimination half life than mor- 
phine. Other drugs are often used to augment analge- 
sia in emergency surgery, including low dose ketamine 
(0.15 mg kg") and paracetamol i.v. Non-steroidal anti- 
inflammatory agents are sometimes used but with 
caution in those with, or at risk of, acute kidney injury 
or postoperative bleeding. They should be reserved for 
young ASA 1 & 2 patients. 

The use of supplemental doses of analgesic and neu- 
romuscular blocking drugs is described in Chapters 5 
(Analgesic drugs) and 6 (Muscle function and neuro- 
muscular blockade). The trainee should be familiar 
with the pharmacokinetics and pharmacodynamics 
of all drugs used and be aware that these may change 
during emergency anaesthesia, when acute circulatory 
changes or impaired organ function often occur. 


Fluid Management 


During emergency intra-abdominal surgery, there 
may be large blood and fluid losses, which exceed the 
patient’s maintenance fluid replacement. Hartmann’s 
solution (compound sodium lactate) is still the pre- 
ferred i.v. fluid during surgery. More sophisticated meth- 
ods of determining intravascular volume status and 
cardiac output are increasingly used. Although much of 
the work in this field has been performed in patients un- 
dergoing elective surgery, there are a few examples of fluid 
optimization using cardiac output monitoring proving 
beneficial in emergency patients (Sinclair et al 1997). 
Methods of determining cardiac output are covered in 
Chapter 16 (Clinical measurement and monitoring). 
The requirement for blood transfusion varies in dif- 
ferent groups of patients. In general the threshold for 
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transfusion of blood (or more commonly packed red 
blood cells), the ‘transfusion trigger’, is a haemoglobin 
concentration 8g dL” (Carless et al 2010). A higher 
transfusion trigger is often used for certain patient 
populations, for example 10g dL” in patients with 
ischaemic heart disease, though the evidence for this is 
not established. Near-patient-testing devices, sampling 
from arterial or venous catheters are invaluable aids to 
guide transfusion during surgery. 


Phase IV - Reversal and Emergence 


After insertion of the last skin suture, anaesthetic 
drugs can be discontinued, if the patient is deemed 
stable enough for tracheal extubation. Direct pharyn- 
goscopy is performed and secretions/debris removed 
from the pharynx; if a nasogastric tube is in situ, it is 
aspirated and left unspigoted. Glycopyrrolate 20 ppgkg” 
and neostigmine 50 ugkg` are given as a bolus and 
ventilation continued to eliminate volatile agents until 
signs of awakening appear. The end-tidal concentra- 
tion of volatile anaesthetic is usually below 0.1 MAC 
before eye opening occurs. Because the risk of aspira- 
tion of gastric contents is as great on recovery as at in- 
duction, tracheal extubation should not be performed 
until protective airway reflexes have returned fully 
and the patient responds to commands such as ‘open 
your eyes’ or ‘lift your hand up’ Both the level of con- 
sciousness and neuromuscular transmission should 
be assessed to demonstrate the adequacy of reflexes. 

The adequacy of reversal of paralysis may be de- 
termined by observing the patient’s ability to sustain 
a head lift for 5s and sustain a firm grip without fade, 
although clinical signs can be misleading. Preferably, 
a nerve stimulator is used to define reversal of neuro- 
muscular transmission (see Ch 6: Muscle function and 
neuromuscular blockade). 


Tracheal Extubation 


If extubation is planned after emergency anaesthesia, 
this should take place in the operating room with the 
presence of a trained anaesthetic assistant. Immediately 
before tracheal extubation, the patient is turned to the 
lateral position (if possible) and asked to take a deep in- 
spiration while gentle positive pressure is applied to the 
airway. At the peak of inspiration, the cuff is deflated 
and the tracheal tube removed as the patient exhales, 
thus assisting removal of any secretions which may have 
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accumulated above the cuff. Oxygen 100% is adminis- 
tered until a regular respiratory rhythm is re-established 
and the patient has demonstrated an ability to cough 
and maintain a patent airway. Breathing 40% O,, the pa- 
tient is transported in the lateral position to the recovery 
room and remains there until all vital signs are stable. 


Phase V - Postoperative Management 


Appropriate analgesia and fluids should be prescribed 
before the patient is discharged to the ward. There may 
be a need for Level 2 or 3 care in some circumstances 
and good documentation and clear patient handovers 
between staff are essential. 

The need for further blood replacement is assessed 
by regular observation of vital signs and drainage mea- 
surements and postoperative Hb or haematocrit mea- 
surements, which can be performed at the bedside. 


Prophylactic Postoperative IPPV 


Continuation of IPPV should be considered electively 
in several circumstances, some of which are listed in 
Table 37.6. There should be close cooperation between 
intensive care colleagues, surgeons and anaesthetists 
when the decision is made to continue ventilation. 


Emergency Laparotomy in the Older 

Patient 

Elderly patients undergoing emergency laparotomy 
are at particularly high risk of complications or 
death, as highlighted by the UK NCEPOD (National 
Confidential Enquiry into Patient Outcome and 
Death) report of 2010 (see further reading). The deci- 
sion to perform emergency surgery on older patients 
requires the input of senior surgical, anaesthetic, 
medicine for the elderly and critical care clinicians. 


TABLE 37.6 


Indications for Postoperative Ventilation 
Prolonged shock/hypoperfusion state of any cause 


Massive sepsis (faecal peritonitis, cholangitis, septicaemia) 


Severe ischaemic heart disease 


Extreme obesity 


Overt gastric acid aspiration 


Severe pulmonary disease 


The risks and potential benefits should be carefully as- 
sessed and frail, older patients should not necessarily 
undergo major surgery followed by prolonged inten- 
sive care treatments if it is considered that the burden 
of surgical treatment and poor prognosis outweigh the 
likely benefit of surgery. This is a very difficult deci- 
sion and should only be made by senior clinicians. It is 
emphasized that such decisions must be individualized 
and the views of the patient are paramount. 

Before embarking on emergency, potentially major 
surgery in frail, elderly patients with an acute abdo- 
men, some questions must be answered: 


m Js it likely that the patient will die with or without 
surgery? If the answer is yes, then surgery is not 
indicated unless it is likely that it will contribute 
to the physical comfort of the patient during the 
dying process, i.e. contribute to a ‘good death. 

m Is it likely that the patient would survive a lapa- 
rotomy if the underlying cause were found to be 
curable/treatable (e.g. perforated duodenal ulcer, 
appendicitis)? If the answer is yes, then surgery is 
indicated and agreement on the appropriate level 
and duration of postoperative organ support 
must be reached. 

= If, having embarked on surgery, the underlying 
cause is found to be treatable but not curable 
(e.g. perforated carcinoma with metastases, 
gangrenous bowel), would radical surgery be 
appropriate, given the patients overall state? If 
not, aggressive postoperative intensive care is not 
indicated. If yes, then what would be an appro- 
priate level and duration of postoperative sup- 
port? These questions need to be answered by 
experienced clinicians. 


The concept of ‘damage control surgery, which has 
developed from military situations in young patients 
with severe injuries, may be appropriate for the older 
person requiring emergency surgery. There are no ran- 
domized studies looking at this age group but in theory 
several staged interventions of a shorter duration, with 
the aim of restoring physiology (or at least prevent- 
ing further deterioration), may be better than a single 
prolonged, definitive operation. Time is valuable when 
physiological reserve is diminished. There should be 
rapid access to radiology and other investigations and 
these patients should be treated as a priority. 


THE ANAESTHETIST AND MAJOR 
TRAUMA 


The management of the patient with major trauma 
requires a multidisciplinary team effort. The UK 
National Audit Office (2010) estimated there were 
20 000 cases of major trauma in England per year, re- 
sulting in 5400 deaths. Perceived deficiencies in care 
have resulted in the formation of regional trauma 
networks with resources being concentrated at major 
centres. One consequence of this is that the numbers 
of patient transfers between hospitals is likely to in- 
crease, and most will involve an anaesthetist. A suc- 
cessful outcome depends on the quality of the initial 
resuscitation and correct prioritisation of treatment. 
The anaesthetic/ICU trainee should be an integral 
member of the ‘trauma team called to manage a pa- 
tient with multiple injuries. Trauma management is 
based on major trauma protocols which have evolved 
from ATLS® and experience from military and civilian 
trauma. The anaesthetist must be familiar with these. 
All major trauma networks have an education function 
and trainee anaesthetists should avail themselves of the 
education and training provided. Major trauma is a 
dynamic, high-stakes environment with difficult deci- 
sion making. Excellent team working, communication 
and non-technical skills are fundamental to successful 
trauma management and the anaesthetist should spend 
time and effort to learn and practice these. 
Effective management of major trauma requires: 


1. Rapid primary survey. Recognition and treatment 
of any immediately life-threatening injuries, such 
as airway obstruction, tension/open pneumotho- 
rax, massive bleeding (chest, abdomen, pelvis, 
long bones or external), cardiac tamponade or 
intracranial injury. 

2. Damage control resuscitation. Control of haem- 
orrhage, achieving adequate tissue perfusion, 
haemostatic resuscitation and damage control 
surgery. 

3. On-going, repeated examination to identify 
threats to life or limb and all associated injuries. 

4. Definitive care. 


Although these processes are described sequen- 
tially, a well-run trauma team will prioritise, commu- 
nicate and assess and treat in parallel. The anaesthetic 
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trainee may be involved in any or all of the above areas 
of management. 


Primary Survey/Damage Control 
Resuscitation 


As soon as the patient arrives in the emergency de- 
partment, rapid primary survey is performed at the 
same time as resuscitation. A cABC approach is taken: 


m Catastrophic haemorrhage control: less common 
in civilian than military trauma but does occur. 

m Airway 

m Breathing 

m Circulation: haemorrhagic and non-haemorrhagic 
causes may co-exist. There is a strong emphasis 
on haemorrhage control. 


Control of exsanguinating haemorrhage 


= In the limbs apply direct pressure and elevate 

= For continued bleeding use indirect pressure and 
apply a military tourniquet 

m Pelvic binder — should have been applied pre- 
hospital; ensure correctly positioned 


Airway/ Breathing 


In general, airway assessment reveals one of three clin- 
ical scenarios: 


m Patient is conscious, alert, talking. Give high- 
flow oxygen via face mask. There is no need for 
immediate airway intervention and a full clini- 
cal evaluation can be done. Persisting signs of 
shock and/or the diagnosis of serious underly- 
ing injuries might be an indication for planned 
endotracheal intubation and mechanical 
ventilation 

m Patient has a reduced conscious level but some 
degree of airway control and gag reflex still pres- 
ent. If the patient is maintaining the airway and 
breathing adequately then there is no need for 
immediate intervention. Endotracheal intuba- 
tion will be necessary but a clinical evaluation 
can be done whilst equipment is being readied. 

m Patient has a reduced conscious level, gag reflex ab- 
sent. If the patient is unable to maintain the airway 
or is breathing poorly tracheal intubation and ar- 
tificial ventilation should be carried out at once. 
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When confronted with an unconscious trauma victim 
the anaesthetist must establish the patency of the patient's 
airway whilst assuring immobilization of the cervical 
spine. Unstable cervical spine injuries are relatively un- 
common, however, all patients should be assumed to be 
at risk until proven otherwise. If upper airway obstruc- 
tion is present, the pharynx is cleared of any debris and 
the jaw displaced forward (jaw thrust). Avoid neck tilt. 

If the patient is apnoeic, bag-mask ventilation with 
100% oxygen must be started immediately to con- 
trol oxygenation and PaCO,. Orotracheal intubation 
should be performed with care. Do not try to intubate 
the patient with a collar in place. The C-spine should 
be protected by manual in line immobilisation dur- 
ing intubation, and the collar subsequently replaced. 
Have a very low threshold for the use of a bougie and 
McCoy laryngoscope to facilitate intubation, and do 
not necessarily try to obtain the ‘best possible’ view of 
the glottic opening. Achieve a good enough view to fa- 
cilitate easy passage of the bougie. This will minimise 
potential neck movement. There is a higher incidence 
of failed intubation in the emergent trauma setting, 
partly attributable to cervical immobility. A genuinely 
deliverable airway strategy must be planned and com- 
municated with the trauma team, up to and including 
a surgical airway. There is rarely a ‘wake-up’ option in 
the polytrauma setting. 

Patients with severe facial trauma who are cooperative 
and awake despite their injuries may not require immedi- 
ate tracheal intubation, but do need frequent and regular 
upper airway evaluation to assess the rate of progress of 
pharyngeal or laryngeal oedema, which may proceed to 
complete airway obstruction with alarming speed. 

If there are clinical signs suggesting a pneumothorax 
or surgical emphysema and/or a flail segment is appar- 
ent, then a chest drain should be inserted simultane- 
ously or before mechanical ventilation is commenced. 
Persistence of hypoxaemia after institution of mechani- 
cal ventilation suggests unrecognized pneumothorax, 
haemothorax, pulmonary contusion or poor cardiac 
output caused by hypovolaemia, cardiac tamponade, or 
other causes. 


Damage Control Resuscitation 


There has been a significant shift in management of 
major trauma away from ‘full’ resuscitation and ‘de- 
finitive’ surgery towards a concept of damage control 


resuscitation. This approach combines time-limited 
permissive hypotension, haemostatic resuscitation and 
damage control surgery. It is important to understand 
that permissive hypotension is not an end in itself. The 
presence of a peripheral pulse is deemed to be evidence 
of adequate perfusion only until the source of bleeding 
is controlled. The emphasis is on rapid and effective 
control of bleeding. 


Circulation 


Haemorrhage is the most common cause of shock 
in the injured patient and virtually all patients with 
multiple injuries have an element of hypovolaemia. 
Patients with major trauma often require urgent resto- 
ration of sufficient circulating blood volume to ensure: 


= Adequate oxygen delivery to the tissues; 

m Stabilisation and/or correction of metabolic 
derangements; 

m Correction of acute coagulopathy of trauma and 
prevention of iatrogenic coagulopathy. 


Initial response to adequate boluses of warmed iso- 
tonic fluids may give some guide as to degree of hy- 
povolaemia. However, if a patient has clear signs or a 
strong history suggestive of significant blood loss, there 
is nothing to be gained by administration of crystal- 
loids. Blood should be given at the earliest opportunity. 

All fluids given must be warmed as the triad of hy- 
pothermia, acidosis and clotting derangement can be 
lethal. At least two large (14-gauge) i.v. cannulae are 
inserted into peripheral veins in one or two limbs and 
both attached to infusions running through blood- 
warming coils. 

Concurrently with administration of fluid replace- 
ment the team should be instituting measures to reduce 
further blood loss. The most important of these are: 


m Application of a pelvic binder 
= The binder should be placed around the tro- 
chanters not the iliac crests. The aim is to close 
the pelvis, not compress it. 
= Ifthe binder was applied pre-hospital leave it in 
place, check it is positioned correctly, and x-ray. 
= Administration of tranexamic acid 
= The CRASH-2 study reported a significant re- 
duction in mortality following major trauma 
with few adverse events. 
= 1gIV stat followed by 1g infusion over 8 hours. 


m Avoidance of over-resuscitation 
= Fluid should be given to achieve restoration of 
a palpable peripheral pulse. 
= Excessive fluid risks disruption of early clots 
and may worsen coagulopathy and overall 
blood loss. 

Transfusion protocols have changed over the last 
few years, largely as a result of experience gained in 
conflict zones. Hospitals will have their own pro- 
tocols for massive haemorrhage; these vary in their 
ratios of packed red cells: FFP: cryoprecipitate: 
platelets. However, the overall aim is the same: cor- 
rection/avoidance of coagulopathy (haemostatic re- 
suscitation) and adequate tissue oxygen delivery and 
perfusion. Good transfusion practice requires the 
use of near patient testing and close co-operation 
with haematology services. Further detail is given 
below (p 767). 


Pump Function 


Pump failure in major trauma is commonly due to 
the presence of a tension pneumothorax, but other 
possibilities include severe myocardial contusion and 
traumatic pericardial tamponade. Tension pneumo- 
thorax causes compression of the mediastinum (heart 
and great vessels) and presents with extreme respira- 
tory distress, shock, unilateral air entry, a shift of the 
trachea towards the normal side and distension of the 
veins in the neck, although the last sign may not be 
seen in hypovolaemic shock. Tension pneumothorax is 
a clinical diagnosis, and should be treated if suspected. 
X-ray simply delays treatment. It may be relieved im- 
mediately by insertion of a 14-gauge cannula through 
the second intercostal space in the midclavicular line. 
This should be followed by standard chest drainage. 
Patients with blunt chest trauma and fractured ribs 
may develop a tension pneumothorax rapidly when 
positive-pressure ventilation is commenced, and the 
prophylactic insertion of a chest drain should be con- 
sidered in such patients. 


Damage Control Surgery 


An early decision by the team is needed regarding 
the most appropriate pathway for the patient. Urgent 
trauma CT provides important anatomical informa- 
tion about actual or potential threat to life and is in- 
dicated in patients with adequate perfusion. Patients 
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with inadequate perfusion and not responding to 
resuscitation should go straight to the operating the- 
atre. Patients intermediate between these two groups 
require a more complex decision. The most important 
action is to make a decision. Waiting in ED is not go- 
ing to further the patient’s care. Well-run trauma units 
expect to have major trauma patients through CT and 
with initial reporting of major findings within 30 min- 
utes of ED arrival. 


m Systolic blood pressure >90mmHg: urgent 
trauma CT 

m Systolic blood pressure 70-90 mmHg: senior de- 
cision making; if choose CT MUST be accompa- 
nied by trauma team 

m Systolic blood pressure <70 mmHg and not re- 
sponding: operating theatre 


A FAST (Focused Abdominal Sonography for 
Trauma) scan by a skilled operator may provide help- 
ful information if positive. A negative FAST scan does 
not rule out significant injury. Based on the CT find- 
ings and clinical picture, senior members of the trauma 
team will make a prompt decision regarding interven- 
tion: operating theatre for damage control surgery; 
embolization; non-operative continued resuscitation 
(critical care). 

The anaesthetist must be involved in ongoing dis- 
cussions with the surgical teams about the extent and 
intent of surgery. 

The aims of Damage Control Surgery are: 


m control haemorrhage: packs, clamps, ligation, 
splinting of fractures 

= decompression of at risk compartments: head, 
heart, limbs, abdomen 

m minimise contamination: debridement of frac- 
tures and wounds, closure or resection of hollow 
viscus injuries. 


The duration of surgery is limited, and additional 
surgical trauma is minimised. During this time, par- 
ticularly once haemorrhage has been controlled, the 
anaesthetist should be aiming to correct metabolic, 
fluid and haemostatic derangements. In particular: 


m Normothermia 

= Normal pH 

m Normal coagulation: fibrinogen >1.5gdL"; 
normal APTT and PT. 
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= Normal or improving lactate — a marker of 
adequacy of resuscitation 

= Haemoglobin — generally around 10-11 gdL~ is 
accepted 


For patients who do not require immediate surgery 
for haemorrhage, decontamination or decompression, 
a team decision may need to be made whether to pro- 
ceed to Early Total Care (ETC: definitive treatment of all 
long-bone fractures) or Damage Control Orthopaedic 
Surgery. These decisions should be based on an overall 
assessment of patient condition, particularly the trend 
in arterial lactate. If lactate is<2.0 mmol L~ then ETC 
can be considered; if>2.5 mmol L” then continued re- 
suscitation is required. 

It is often necessary to induce anaesthesia in a 
hypovolaemic patient; this requires meticulous at- 
tention to fluid and drug management. A controlled 


Nasogastric 
tube 


rapid-sequence induction using thiopental, propofol 
or ketamine should be performed, but with extreme 
care over the dose of induction agent. Often very small 
doses of ketamine (0.3-0.7mgkg™) suffice. The use 
of etomidate in trauma is still contentious due to its 
metabolic effects. The depressant effects of i.v. induc- 
tion agents are exaggerated because the proportion of 
the cardiac output going to the heart and brain is in- 
creased. In addition, the rate of redistribution and/or 
metabolism is decreased as a result of reduced blood 
flow to muscle, liver and kidneys and thus blood con- 
centrations remain increased for longer periods in 
comparison with healthy patients. Ketamine can be 
used in patients with a significant head injury as the 
benefits of maintained arterial blood pressure out- 
weigh any concerns about cerebrometabolic effects. 
Figure 37.2 illustrates monitoring often used for the 
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FIGURE 37.2 


Commonly used monitoring and resuscitation attachments in management of a patient with multiple injuries. 
Pulse oximetry and capnography are also used during anaesthesia. 


management of major trauma. Particular care needs 
to be taken in the presence of hypovolaemia and severe 
traumatic brain injury as hypotension is associated 
with a doubling of mortality. 

After tracheal intubation, the lungs are ventilated 
at the lowest peak airway pressure consistent with an 
acceptable tidal volume. Judicious doses of muscle 
relaxant and analgesia (usually fentanyl) are given as 
necessary. As the cardiovascular status normalises and 
systolic pressure exceeds 90 mmHg, anaesthesia should 
be deepened as tolerated. This should be undertaken 
cautiously and, in principle, agents which are rapidly 
reversible or rapidly excreted should be used. In the 
shock state, there is very rapid uptake of inhalational 
agents. Reduced cardiac output and pulmonary blood 
flow decrease the rate of removal of anaesthetic agent 
from the alveoli, producing a rapid increase in alveo- 
lar concentration. Thus, the MAC value is approached 
more rapidly than in normovolaemic patients. 

Basic monitoring will have been instituted in the 
emergency department. Insertion of arterial lines 
should not delay time to CT or surgical control of 
haemorrhage. However, blood may be sampled from 
an arterial cannula to monitor changes in acid-base 
state, haemoglobin concentration, coagulation and 
electrolyte concentrations. Central venous access is 
not usually a high priority in trauma resuscitation, but 
may be essential for i.v. access in the presence of four 
limb trauma. Short wide cannulae (e.g. “Swan sheaths’) 
should be used. Urine output is a useful guide to ad- 
equacy of resuscitation. 

When surgical bleeding has been controlled, the 
patient’s cardiovascular status should improve, but 
if hypotension persists despite apparently adequate 
fluid administration, other causes of haemorrhage 
should be sought (Table 37.7). It is important that 


TABLE 37.7 


Causes of Persistent Hypotension 


Surgical or medical (check platelets and clotting screen) 
Continued overt bleeding 
Continued concealed bleeding - chest, abdomen, 
retroperitoneal space, pelvis, soft tissues of each thigh 


Pump failure - haemothorax, pneumothorax, tamponade, 
myocardial contusion 


Metabolic problem - acidaemia (only correct pH less than 7.1), 
hypothermia (largely preventable), hypocalcaemia 
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the anaesthetist assesses the patient regularly during 
prolonged anaesthesia to exclude these latent compli- 
cations of major trauma. 


Massive Transfusion 


This is defined arbitrarily as either replacement 
of >50% of a patient’s blood volume within 1 hour, 
or replacement of 1-1.5 blood volumes within a 
24-hour period. These are life-threatening situations 
and good management requires an appreciation of 
both the clinical and logistical issues surrounding 
large-scale blood component replacement. Massive 
haemorrhage protocols, developed in collabora- 
tion between the emergency department, anaesthe- 
sia, blood bank and other key support services are 
a fundamental component of good clinical care. If 
possible, a named individual should be given respon- 
sibility for liaising directly with colleagues in blood 
bank and ensuring timely request and collection of 
blood products. 

The shocked polytrauma patient is very likely to 
be coagulopathic on arrival: acute coagulopathy of 
trauma (ACOT). The UK transfusion service now 
provides almost all stored blood as red cells in opti- 
mal additive solution, containing no plasma, plate- 
lets, coagulation factors or leucocytes. Therefore, the 
treatment of massive haemorrhage by volume re- 
placement solely with red cells will not correct ACOT 
and places the patient at high risk of further dilu- 
tional coagulopathy. Early infusion of fresh frozen 
plasma (FFP) 15 mLkg™ is required and it is increas- 
ingly common to transfuse red cells and FFP in set ra- 
tios of 4:1 or 3:1 to prevent disorders of haemostasis. 
In military trauma settings red cell:FFP:platelet ratios 
as high as 1:1:1 are sometimes used. Transfusing ac- 
cording to set ratios is particularly useful if blood loss 
is rapid and laboratory turnaround time is excessive. 
The anaesthetist should not be waiting for coagula- 
tion test results to treat coagulopathy. Near-patient 
tests of clotting such as thromboelastography (TEG) 
may have a role. 

FFP alone corrects fibrinogen and most coagu- 
lation factor deficiencies. However, if fibrinogen 
concentration remains <1.5gL"', cryoprecipitate or 
fibrinogen concentrate therapy should be consid- 
ered. It is necessary to give platelet concentrate for all 
instances of severe thrombocytopenia (platelet count 
less than 50X10 9L"') or milder thrombocytopenia 
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(platelet count less than 75x10 9 L~) in patients with 
high-energy trauma, central nervous system injury or 
ongoing haemorrhage. In assessing the requirement 
for platelets, frequent measurements are needed, as it 
may be necessary to request platelets at levels above 
the desired target in order to ensure their availabil- 
ity when needed. Requests for blood products should 
be made early as there is often delay in obtaining 
them and it is better to prevent the development of 
coagulation failure. Although diffuse pathological 
bleeding may be secondary to dilutional effects, it is 
also a manifestation of tissue hypoperfusion result- 
ing from shock and inadequate or delayed resuscita- 
tion. Clinically, this microvascular bleeding produces 
oozing from mucosal or raw surfaces and puncture 
sites and may increase the extent of soft tissue and 
pulmonary contusions. It is difficult to treat and this 
underscores the importance of rapid and adequate 
resuscitation. Frequent estimation of platelet count, 
fibrinogen, PT and APTT is required. 

Inadequate volume replacement is the most com- 
mon complication of haemorrhagic shock. Mortality 
increases with increasing duration and severity of 
shock and so rapid and effective restoration of an 
adequate circulating blood volume is crucial in the 
management of major haemorrhage once the source 
has been controlled. The importance of the prevention 
of hypothermia during massive transfusion cannot be 
overstated. Hypothermia causes platelet dysfunction, 
an increased tendency to cardiac arrhythmias and a 
left-shift of the oxyhaemoglobin dissociation curve 
thereby decreasing oxygen delivery to the tissues. 
Hypothermia also decreases the metabolism of citrate 
and lactate, both of which are usually present in stored 
blood. If the normally rapid metabolism of these sub- 
stances is slowed then a profound metabolic acidosis 
can develop. Core temperature should be measured 
continuously during massive transfusion and every 
effort must be made to prevent heat loss. Warm air 


over-blankets (e.g. Bair Hugger™) are usually helpful. 
Efficient systems for heating stored blood and allow- 
ing rapid infusion are available, but all fluids should be 
warmed to body temperature if possible. In addition, 
calcium chelation by citrate can lead to clinically sig- 
nificant hypocalcaemia, which should be treated and 
monitored. 
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GE anaesthesia outside the operating theatre 
suite is often challenging for the anaesthetist, because 
specialized environments pose unique problems. In 
hospital, the anaesthetist must provide a service for 
patients with standards of safety and comfort which 
are equal to those in the main operating department. 
Outside the hospital, this level of service is more de- 
pendent on location and available resources. 


ANAESTHESIA IN REMOTE 
HOSPITAL LOCATIONS 


In-hospital remote locations include radiology, radio- 
therapy, the Accident and Emergency (A & E) depart- 
ment and wards with areas designated for procedures 
such as ECT, assisted conception, cardioversion and 
intrathecal chemotherapy administration. 


General Considerations and Principles 


Anaesthetists are frequently required to use their skills 
(e.g. administer anaesthesia, analgesia, sedation, re- 
suscitate, cannulate, etc.) outside the familiar operat- 
ing theatre environment. When requests are made for 
anaesthetic intervention in remote locations, there are 
multiple considerations which the anaesthetist must 
be aware of. These include the following. 


1. Appropriate personnel. Only senior experienced 
anaesthetists who are also familiar with the par- 
ticular environment and its challenges should 
normally administer anaesthesia in remote lo- 
cations. Additional skilled anaesthetic help may 
not be readily available compared with an oper- 
ating theatre suite and patients are often chal- 
lenging, e.g. paediatric or critically ill. 
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2. Equipment. The remote clinical area may not 


have been designed with anaesthetic require- 
ments in mind. Anaesthetic apparatus often 
competes for space with bulky equipment 
(e.g. scanners) and, in general, conditions are 
less than optimal. Monitoring capabilities and 
anaesthetic equipment should be of the same 
standard as those used in the operating de- 
partment. In reality, such equipment may not 
be readily available and the equipment used is 
often the oldest in the hospital. Nevertheless, 
the monitoring equipment should meet the 
minimum standards set by the Association 
of Anaesthetists of Great Britain and Ireland 
(AAGBI, 2006). The anaesthetist who is unfa- 
miliar with the environment should spend time 
becoming accustomed to the layout and equip- 
ment. Compromised access to the patient and 
the type of monitors used during the procedure 
require careful consideration. Advanced plan- 
ning helps to prepare for unanticipated sce- 
narios. Clinical observation may be limited by 
poor lighting. 


. Patient preparation. Preparation of the patient 


may be inadequate because the patient is from 
a ward where staff are unfamiliar with preopera- 
tive protocols, or patients may be unreliable, e.g. 
those presenting for ECT. 


4, Assistance. An anaesthetic assistant (e.g. operat- 


ing department practitioner) should be present, 
although this person may be unfamiliar with 
the environment. Maintenance of anaesthetic 
equipment may be less than ideal. Consequently, 
the anaesthetist must be particularly vigilant in 
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checking the anaesthetic machine, particularly 
because it may be disconnected and moved 
when not in use. Empty gas cylinders need to be 
replaced in older suites without piped gases, and 
also the anaesthetist must ensure the presence of 
drugs, spare laryngoscope and batteries, suction 
and other routine equipment. 

5. Communication. Communication between staff 
of other specialities and the anaesthetist may be 
poor. This may lead to failure in recognizing each 
other’s requirements. Education programmes 
for non-anaesthesia personnel regarding the 
care of anaesthetized patients may be of benefit. 

6. Recovery. Recovery facilities are often non-existent. 
Anaesthetists may have to recover their own pa- 
tients in the suite. Consequently, they must be 
familiar with the location of recovery equipment 
including suction, supplementary oxygen and 
resuscitation equipment. Alternatively, patients 
may be transferred to the main hospital recov- 
ery area. This requires the use of routine transfer 
equipment which should ideally be available as a 
‘pack’ kept alongside monitoring equipment and 
a portable oxygen supply. This avoids searching 
for various pieces of equipment which may delay 
transfer, and ensures that nothing is forgotten. The 
pack should be regularly checked and maintained. 


There should be a nominated lead anaesthetist re- 
sponsible for remote locations in which anaesthesia 
is administered in a hospital. This individual should 
liaise with the relevant specialities, e.g. radiologists, 
psychiatrists, to ensure that the environment, equip- 
ment and guidelines are suitable for safe, appropriate 
and efficient patient care. 


Anaesthesia in the Radiology Department 


In most hospitals, members of the anaesthetic depart- 
ment are called upon to anaesthetize or sedate patients 
for diagnostic and therapeutic radiological procedures. 
These procedures include ultrasound, angiography, 
computed tomography (CT) scanning and magnetic 
resonance imaging (MRI). The major requirement 
of all these imaging techniques is that the patient re- 
mains almost motionless. Thus, general anaesthesia 
may be necessary when these investigations and in- 
terventions are performed in children, the critically ill 
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or the uncooperative patient. The presence of pain or 
prolonged procedures may also be an indication for 
anaesthesia. 

Radiological studies may require administration 
of conscious sedation. This term describes the use of 
medication, often given by a non-anaesthetist, to alter 
perception of painful and anxiety-provoking stimuli 
while maintaining protective airway responses and 
the ability to respond appropriately to verbal com- 
mand. Medical personnel responsible for the sedation 
should be familiar with the effects of the medication 
and skilled in resuscitation (including airway man- 
agement). All the equipment and drugs required for 
resuscitation should be readily available and checked 
regularly. It is undesirable for a single operator to be 
responsible for both the radiological procedure and 
administration of sedation because there is the po- 
tential to be distracted from one responsibility and to 
allow side-effects to go untreated. Ideally, different in- 
dividuals should be responsible for each of these tasks. 
Guidelines for prescribing, evaluating and monitoring 
sedation should be readily available. Chloral hydrate 
may be used in young children and benzodiazepines, 
opioids or propofol in adults. Patients should be 
starved before sedation and vital signs monitored and 
documented. 

Iodine-containing intravascular contrast agents are 
used routinely during angiographic and other radio- 
logical investigations. The anaesthetist must always 
be aware of the risk of adverse reactions to contrast 
dyes. In recent years, low-osmolarity contrast media 
have been introduced; these cause less pain and have 
fewer toxic effects than the older contrast agents, but 
are more expensive. Factors contributing to the de- 
velopment of adverse reactions include speed of in- 
jection, type and dose of contrast used and patient 
susceptibility. 

Coronary and cerebral angiography are associated 
with a high risk of reaction. Other major risk factors 
include allergies, asthma, extremes of age (under 1 and 
over 60 years), cardiovascular disease and a history of 
previous contrast medium reaction. Fatal reactions 
are rare, occurring in about 1 in 100000 procedures. 
Nausea and vomiting are common and reactions 
may progress to urticaria, hypotension, arrhythmias, 
bronchospasm and cardiac arrest. Treatment of aller- 
gic reactions depends on the severity of the reaction. 


This usually consists of fluids, oxygen and careful 
monitoring. An anaphylaxis protocol should be read- 
ily available along with adrenaline, antihistamines, 
steroids and fluids, preferably as an ‘anaphylaxis kit. 
Adequate hydration is important, because patients 
undergoing contrast dye procedures usually have an 
induced osmotic diuresis, which may exacerbate pre- 
existing renal dysfunction. Patients at particular risk 
are dehydrated patients, those with chronic renal dys- 
function and patients in the recovery phase of acute 
renal failure for which renal replacement therapy has 
been required. In these patients, even small doses of 
contrast may cause sufficient deterioration to necessi- 
tate further haemofiltration. Some intensive care units 
have a policy of giving acetylcysteine with a fluid load 
up to 1h before the scan, with a further dose after the 
scan to protect against contrast-induced nephropathy. 
A urinary catheter may be useful for patients undergo- 
ing long procedures. 

Healthcare workers are exposed to X-rays in the 
radiology and imaging suites. The greatest source is 
usually from fluoroscopy and digital subtraction an- 
giography. Although the patient dose is high, ionizing 
radiation from a CT scanner is relatively low because 
the X-rays are highly focused. Radiation intensity and 
exposure decrease with the square of the distance 
from the emitting source. The recommended distance 
is 2-3m. This precaution, together with lead aprons, 
thyroid shields and movable lead-lined glass screens, 
keeps exposure at a safe level. A personal-dose monitor 
should be worn by personnel who work frequently in 
an X-ray environment. 


Computed Tomography 


General Principles. A CT scan provides a series of 
tomographic axial ‘slices’ of the body. It is used most 
frequently for intracranial imaging and for studies 
of the thorax and abdomen and is the investigation 
of choice in the evaluation of major trauma when 
whole body CT may be used in place of plain X-rays. 
Each image is produced by computer integration 
of the differences in the radiation absorption coef- 
ficients between different normal tissues and be- 
tween normal and abnormal tissues. The image of 
the structure under investigation is generated by a 
cathode ray tube and the brightness of each area is 
proportional to the absorption value. 
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One rotation of the gantry produces an axial slice 
or ‘cut. A series of cuts is made, usually at intervals 
of 7mm, but this may be larger or smaller depend- 
ing on the diagnostic information sought. The first- 
generation scanners took 4.5min per cut, but the 
newest scanners take only 2—4s. 

The circular scanning tunnel contains the X-ray 
tube and detectors, with the patient lying stationary in 
the centre during the study. The procedure is noisy and 
patients are occasionally frightened or claustrophobic. 


Anaesthetic Management. Computed tomography is 
non-invasive and painless, requiring neither sedation 
nor anaesthesia for most adult patients. A few patients 
may require conscious sedation to relieve fears or anxi- 
eties. However, patients who cannot cooperate (most 
frequently paediatric and head trauma patients or 
those who are under the influence of alcohol or drugs) 
or those whose airway is at risk may need general an- 
aesthesia to prevent movement, which degrades the 
image. Anaesthetists may also be asked to assist in the 
transfer from the ICU and in the care of critically ill 
patients who require CT scans. 

General anaesthesia is preferable to sedation when 
there are potential airway problems or when control 
of intracranial pressure (ICP) is critical. Because the 
patient’s head is inaccessible during the CT scan, the 
airway needs to be secured. In the majority of situ- 
ations, tracheal intubation is more appropriate than 
the use of a laryngeal mask airway (e.g. full stomach). 
The scan itself requires only that the patient remains 
motionless and tolerates the tracheal tube. If ICP is 
high, controlled ventilation is essential to maintain 
normo- or hypocapnia. 

Because these patients are often in transit to or from 
critical care areas or A & E, a total intravenous technique 
with neuromuscular blockade is usually the technique 
of choice with tracheal intubation and controlled 
ventilation. Use of volatile anaesthetic agents during 
the scan is also acceptable but may involve changing 
from one technique to another for transfer. In addi- 
tion, the anaesthetic machine may be left unplugged 
when not in use in the scanner and reconnecting and 
checking it may be distracting and time-consuming. A 
portable ventilator with CO, monitoring removes the 
need to change breathing systems. If the scan is likely 
to take a long time, it may be advisable to change from 
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cylinder to piped oxygen supply to conserve supplies 
for transfer. Anaesthetic complications while in the 
scanner include kinking of the tracheal tube or discon- 
nection of the breathing system, particularly during 
positioning and movement of the gantry, hypothermia 
in paediatric patients and disconnection of drips and 
lines during transfer. In addition, in the trauma set- 
ting, patients may become markedly unstable during 
movement on to the scanning table, and emergency 
drugs and fluids should be readily available. If, during 
the scan, the anaesthetist is observing the patient from 
inside the control room, it is imperative that alarms/ 
monitors have visual signals which may be seen easily. 

Stereotactic-guided surgery is possible using CT 
scanners although this has largely been replaced by 
frameless image guidance systems which allow tu- 
mour localization in the theatre suite from an existing 
scan. Most procedures involve aspiration or biopsy of 
intracranial masses in eloquent or important motor 
areas to give a tissue diagnosis with minimal risk to 
surrounding structures. The patient may either be an- 
aesthetized in the theatre suite and then transferred to 
the CT scanner or anaesthetized in the scanner itself. 
Advantages of the former are induction of anaesthesia 
in a familiar environment with assistance and equip- 
ment readily available; the disadvantage is that the pa- 
tient then must be transferred to the CT scanner and 
back again to theatre. The advantage of inducing an- 
aesthesia in the CT scanner is that the need for initial 
transfer is removed, but there are the risks already out- 
lined of anaesthesia in a remote location. Pins are used 
to hold a radiolucent frame around the head and then 
coordinates are mapped onto the frame from the scan 
to allow precise location of the tumour. Application 
of the frame via the pins is painful and access to the 
patient and airway with the frame attached inside the 
scanner is difficult. 


Magnetic Resonance Imaging 


General Principles. Magnetic resonance imaging 
(MRI) is an imaging modality which depends on mag- 
netic fields and radiofrequency pulses for the produc- 
tion of its images. The imaging capabilities of MRI are 
superior to those of CT for examining intracranial, 
spinal and soft tissue lesions. MRI differentiates clearly 
between white and grey matter in the brain, thus mak- 
ing possible, for example, the in vivo diagnosis of 
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demyelination. It may display images in the sagittal, 
coronal, transverse or oblique planes and has the ad- 
vantage that no ionizing radiation is produced. 

An MRI imaging system requires a large magnet in 
the form of a tube which is capable of accepting the en- 
tire length of the human body. A radiofrequency trans- 
mitter coil is incorporated in the tube which surrounds 
the patient; the coil also acts as a receiver to detect the 
energy waves from which the image is constructed. In 
the presence of the magnetic field, protons in the body 
align with the magnetic field in the longitudinal axis of 
the patient. Additional perpendicular magnetic pulses 
are applied by the radiofrequency coil; these cause the 
protons to rotate into the transverse plane. When the 
pulse is discontinued, the nuclei relax back to their 
original orientation and emit energy waves which are 
detected by the coil. The magnet is over 2m in length 
and weighs approximately 500kg. The magnetic field 
is applied constantly even in the absence of a patient. 
It may take several days to establish the magnetic field 
if it is removed and this is only done in an emergency 
because it is very expensive to shut down the field. The 
magnetic field strength is measured in tesla units (T). 
One tesla is the field intensity generating 1 Newton of 
force per 1 ampere of current per 1 metre of conduc- 
tor. One tesla equals 10000 gauss; the earth’s surface 
strength is between 0.5 and 1.0 gauss. MRI strengths 
usually vary from 1 to 3 T although some research fa- 
cilities have scanners which may produce fields up to 
9.4T. The force of the magnetic field decreases expo- 
nentially with distance from the magnet and a safety 
line at a level of 5 gauss is usually specified. Higher 
exposure may result in pacemaker malfunction and 
unscreened personnel should not cross this level. At 50 
gauss, ferromagnetic objects become dangerous pro- 
jectiles. The magnetic fields present are strong static 
fields which are present all around the magnet area, 
and fast-switching and pulsed radiofrequency fields in 
the immediate vicinity of the magnet. 

The final MR image is made from very weak elec- 
tromagnetic signals, which are subject to interfer- 
ence from other modulated radio signals. Therefore, 
the scanner is contained in a radiofrequency shield 
(Faraday cage). A hollow tube of brass is built into 
this cage to allow monitoring cables and infusion 
lines to pass into the control room. This is termed the 
waveguide. 


Anaesthetic Management 

STAFF SAFETY. Staff safety precautions are essential. 
The supervising MR radiographer is operationally re- 
sponsible for safety in the scanner and anaesthetic staff 
should defer to him or her in matters of MR safety. 
Screening questionnaires identify those at risk and 
training should be given in MR safety, electrical safety, 
emergency procedures arising from equipment failure 
and evacuation of the patient. Anaesthetists should 
also understand the consequences of quenching the 
magnet and be aware of recommendations on expo- 
sure and the need for ear protection. Long-term ef- 
fects of repeated exposure to MRI fields are unknown, 
and pregnant staff should be offered the option not to 
work in the scanner. All potentially hazardous articles 
should be removed, e.g. watches, bleeps and stetho- 
scopes. Bank cards, credit cards and other belongings 
containing electromagnetic strips become demagne- 
tized within the vicinity of the scanner and personal 
computers, pagers, phones and calculators may also be 
damaged. 

PATIENT SAFETY. Metal objects within or attached 
to the patient pose a risk. Jewellery, hearing aids or 
drug patches should be removed. Absolute contra- 
indications include implanted surgical devices, e.g. 
cochlear implants, intraocular metallic objects and 
metal vascular clips. Pacemakers remain an absolute 
contraindication in most settings although some pa- 
tients with a pacemaker have undergone scanning un- 
der tightly controlled conditions when the benefit has 
been deemed to outweigh the risk. Metallic implants, 
e.g. intracranial vascular clips, may be dislodged from 
blood vessels. Programmable shunts for hydrocepha- 
lus may malfunction because the pressure setting may 
be changed by the magnetic field, leading to over- or 
underdrainage. The use of neurostimulators such as 
spinal cord stimulators for chronic pain is increas- 
ing. These devices may potentially fail or cause ther- 
mal injury on exposure to the magnetic field. Each 
must be considered individually, some may be safe if 
strict guidelines are adhered to. Joint prostheses, ar- 
tificial heart valves and sternal wires are safe because 
of fibrous tissue fixation. Patients with large metal im- 
plants should be monitored for implant heating. A de- 
scription of the safety of various devices is available on 
dedicated websites. All patients should wear ear pro- 
tection because noise levels may exceed 85 dB. 
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Other unique problems presented by MRI include 
relative inaccessibility of the patient. In most scanners, 
the body cylinder of the scanner surrounds the patient 
totally; manual control of the airway is impossible and 
tracheal intubation or use of a laryngeal mask airway 
is essential when general anaesthesia is necessary. The 
patient may be observed from both ends of the tun- 
nel and may be extracted quickly if necessary. Because 
there is no hazard from ionizing radiation, the anaes- 
thetist may approach the patient in safety. 

EQUIPMENT. The magnetic effects of MRI impose 
restrictions on the selection of anaesthetic equipment. 
Any ferromagnetic object distorts the magnetic field 
sufficiently to degrade the image. It is also likely to be 
propelled towards the scanner and may cause a signifi- 
cant accident if it makes contact with the patient or 
with staff. Terminology regarding equipment used in 
the MRI scanner has now changed from ‘MR compat- 
ible’ or ‘MR incompatible’ to ‘MR conditional, “MR 
safe’ or ‘MR unsafe’. MR conditional equipment is that 
which poses no hazards in a specified MR environ- 
ment with specified conditions of use. The conditions 
in which it may be used must accompany the device 
and it may not be safe to use it outside these condi- 
tions, e.g. higher field strength or rate of change of the 
field. MR safe equipment is that which poses no safety 
hazard in the MR room but it may not function nor- 
mally or may degrade the image quality. Consideration 
needs to be given to replacing equipment if a scanner is 
replaced by one of higher field strength. 

The layout of the MRI room/suite determines 
whether the majority of equipment needs to be in- 
side the room (and therefore MR conditional or safe), 
or outside the room with suitable long circuits, leads 
and tubing to the patient. Suitable anaesthetic ma- 
chines and ventilators are manufactured and may be 
positioned next to the magnetic bore to minimize the 
length of the breathing system. They require piped 
gases or special aluminium oxygen and nitrous ox- 
ide cylinders. Consideration also needs to be given to 
intravenous fluid stands, infusion pumps and moni- 
toring equipment, including stethoscopes and nerve 
stimulators. Laryngoscopes may be non-magnetic, 
but standard batteries should be replaced with non- 
magnetic lithium batteries. Laryngeal mask airways 
without a metal spring in the pilot tube valve should 
be available. 
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All monitoring equipment must be appropriate 
for the environment. Technical problems with non- 
compatible monitors include interference with imag- 
ing signals, resulting in distorted MRI pictures, and 
radiofrequency signals from the scanner inducing cur- 
rents in the monitor which may give unreliable monitor 
readings. Special monitors are available or unshielded 
ferromagnetic monitors may be installed just outside 
the MRI room and used with long shielded or non- 
ferromagnetic cables (e.g. leads may be fibreoptic or 
carbon fibre cable). Ambient noise levels are such that 
visual alarms are essential. The 2010 AAGBI guidelines 
on services for MRI suggest that monitoring equipment 
should be placed in the control room outside the mag- 
netic area. A non-invasive automated arterial pressure 
monitor, in which metallic tubing connectors are re- 
placed by nylon connectors, should be used. Distortion 
of the ECG may occur, which interferes with arrhythmia 
and ischaemia monitoring. Interference may be reduced 
by using short braided leads connected to compatible 
electrodes placed in a narrow triangle on the chest. 
There should be no loops in cables because these may 
induce heat generation and lead to burns. Side-stream 
capnography and anaesthetic gas concentration moni- 
toring require a long sampling tube, which leads to a 
time delay of the monitored variables. The use of 100% 
oxygen during the scan should be indicated to the radi- 
ologist reporting the images because this may produce 
artefactually abnormal high signal in CSF spaces in 
some scanning sequences. 

CONDUCT OF ANAESTHESIA. The indications for gen- 
eral anaesthesia during MRI are similar to those for CT. 
In addition, the scanner is very noisy and, in general, 
the patient lies on a long thin table in a dark, confined 
space within the tube (typical diameter 50-65 cm). 
This may cause claustrophobia or anxiety-related 
problems which may require sedation or anaesthesia. 
Obese patients cannot be examined in this small mag- 
netic bore. A complex scan may take up to 20 min and 
an entire examination more than 1h. Open scanners 
have been developed and some are available which al- 
low the patient to stand up, allowing a greater range 
of patients to be scanned. Outside normal working 
hours, only neuraxial scanning is usually performed, 
for acute brain or spinal cord evaluation. 

Anaesthesia is induced usually outside the MRI 
room in an adjacent dedicated anaesthetic area where 
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it is safe to use ferromagnetic equipment (distal to the 
5 gauss line). Most patients benefit from the use of 
short-acting drugs because these are associated with 
rapid recovery and minimal side-effects. Sedation 
of children by organized, dedicated and multidis- 
ciplinary teams for MRI has been shown to be safe 
and successful. However, general anaesthesia allows 
more rapid and controlled onset, with immobility 
guaranteed. All patients must be transported into the 
magnet area on MRI-appropriate trolleys. During the 
scan, the anaesthetist should ideally be in the control 
room but may remain in the scanning room in excep- 
tional circumstances if wearing suitable ear protec- 
tion. If an emergency arises, the anaesthetist needs to 
be aware of the procedure for rapid removal of the 
patient to a safe area. 

Occasionally, ICU patients may require scanning. 
Careful planning is required and screening check- 
lists should be used. Non-essential infusions should 
be discontinued and essential infusions may need to 
be transferred to MR safe pumps. This may induce a 
period of instability in the patient while the infusions 
are being moved and high requirements for drugs such 
as vasopressors may be a relative contraindication to 
scanning. The tracheal tube pilot balloon valve spring 
should be secured away from the scan area. Pulmonary 
artery catheters with conductive wires and epicardial 
pacing catheters should be removed to prevent micro- 
shocks. Simple central venous catheters appear safe if 
disconnected from electrical connections, etc. All an- 
aesthetized patients, especially infants, are at risk from 
hypothermia because the MRI room may be cold. 

Gadolinium-based contrast agents are used in MR 
and are generally safe, with a high therapeutic ratio. 
However, the use of these contrast agents in patients 
with renal failure may precipitate a life-threatening 
condition called nephrogenic systemic fibrosis. If the 
GFR is less than 30 mL min“! per 1.73 m’, only mini- 
mal amounts of contrast should be given (if deemed 
absolutely necessary). No more should be given for at 
least 7 days. 

MRI-guided surgery is a new, highly specialized 
form of surgery which may continue to be developed. 
It offers surgeons radiological images of the tissues 
immediately beyond their operative field. This makes 
use of an open-configuration scanner rather than 
the traditional closed tubular scanner. The absence 


of ionizing radiation places less restriction on the 
duration of staff presence, but the anaesthetic con- 
siderations are similar to those of the traditional MRI 
scanner and the anaesthetist and all the related equip- 
ment including surgical instruments are required to be 
in the vicinity of the scanner and therefore compatible 
with a magnetic field. Surgery which has been per- 
formed in this environment includes endoscopic sinus 
surgery and neurosurgery. 


Diagnostic and Interventional Angiography 


General Principles. Direct arteriography using per- 
cutaneous arterial catheters is used widely for the 
diagnosis of vascular lesions. Catheters are usually 
inserted by the Seldinger technique via the femoral 
artery in the groin and injection of contrast medium 
provides images which are viewed by conventional or 
digital subtraction angiography. In addition, it is be- 
coming increasingly common to consider vessel em- 
bolization both in the elective preoperative setting 
(e.g. vascular tumours or malformations) and in the 
emergency management of major haemorrhage (e.g. 
major trauma or massive obstetric or gastrointesti- 
nal haemorrhage). The procedure involves the injec- 
tion of an embolic material to stimulate intravascular 
thrombosis, resulting in occlusion of the vessel. There 
is a risk of distal organ damage if the blood supply is 
completely occluded. Non-invasive angiographic tech- 
niques used with CT or MRI have reduced the need for 
direct arteriography for diagnosis of some vascular le- 
sions. The advent of spiral and double helical CT scan- 
ners allows whole vascular territories to be mapped 
within 30s and produces superior images, including 
three-dimensional pictures. MRI is sensitive to the de- 
tection of flow and, together with more sophisticated 
scanning and data collection techniques, is used in- 
creasingly for assessment of vascular structures. 


Anaesthetic Management. Most angiographic proce- 
dures may be carried out under local anaesthesia, with 
sedation if necessary during more complex investiga- 
tion. If the procedure is likely to be prolonged, gen- 
eral anaesthesia may be more appropriate; the same 
applies to nervous patients, those unable to cooperate 
and children. Complete immobility is required during 
the investigation and particularly if any interventional 
procedures are to be performed. Sedation to augment 


ANAESTHESIA IN REMOTE HOSPITAL LOCATIONS 775 


local anaesthesia must be avoided in the presence of in- 
tracranial hypertension, because the increased PaCO, 
leads to vasodilatation and a further increase in ICP; 
in addition, vasodilatation results in poor-quality an- 
giography. Major trauma patients and those with life- 
threatening haemorrhage are nearly always sedated, 
with ventilation controlled, before arrival in the angi- 
ography suite. The drawbacks of general anaesthesia 
include prolonging the time taken for the investigation 
and increasing the cost and risks associated with anaes- 
thesia. Moreover, the patient is unable to react to mis- 
placed injections and alert staff to untoward reactions. 
Adequate hydration is essential for patients un- 
dergoing angiography because they are often fasted 
and the contrast medium causes an osmotic diuresis. 
Intravenous cannulae and monitor leads may require 
extensions to enable the anaesthetist to remain at an 
acceptable distance from the patient, to minimize ex- 
posure. This also allows the anaesthetist to remain out- 
side the range of movement of the imaging machine. 


Complications of Angiography 

= Local—haematoma and haemorrhage, vessel wall 
dissection, thrombosis, perivascular contrast in- 
jection, adjacent nerve damage, loss and knotting 
of guide wires and catheters. 

m General — contrast reactions of varying severity; 
emboli from catheter clots, intimal damage and 
air; sepsis and vagal inhibition. 


Interventional Neuroradiology. Cerebral angiography 
may be used to demonstrate tumours, arteriovenous 
malformations, aneurysms, subarachnoid haemor- 
rhage and cerebrovascular disease. Since the ISAT 
(International Subarachnoid Aneurysm Trial) in 2002 
(which compared coiling in patients with a ruptured 
aneurysm of good clinical grade with surgical clip- 
ping) showed a favourable initial outcome, endovas- 
cular treatment has become the technique of choice 
for most patients. Detachable coils are used to pack 
the aneurysm to prevent rebleeding. These patients are 
often systemically unwell as a result of subarachnoid 
haemorrhage and may be profoundly cardiovascularly 
unstable during induction of anaesthesia. A thorough 
preoperative assessment should be made, including 
cardiovascular, respiratory, neurological and metabolic 
status. The risk of complications is generally increased 
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in the elderly and those with pre-existing vascular 
disease, diabetes, stroke or transient ischaemic attacks. 
Many of these patients have intracranial hypertension 
and cerebral vasospasm; consequently, control of arte- 
rial pressure and carbon dioxide tension is essential. 
Obtunding the pressor response to tracheal intuba- 
tion and careful positioning to avoid increasing central 
venous pressure are necessary to prevent elevation of 
intracranial pressure. A relaxant/IPPV technique with 
ventilation to mild hypocapnia (PaCO,=4.5-5.0 kPa) 
is usually used. A moderate reduction in PaCO, causes 
vasoconstriction of normal vessels, slows cerebral cir- 
culation and contrast medium transit times and im- 
proves delineation of small vascular lesions. 

Transient hypotension and bradycardia or asystole 
may occur during cerebral angiography with contrast 
dye injection. This usually responds to volume re- 
placement and atropine. Complications during inter- 
ventional neuroradiology include haemorrhage from 
rupture of the vessel, which may necessitate reversal 
of anticoagulation with protamine, and ischaemia as a 
result of thromboembolism (e.g. clot forming around 
the catheter tip), vasospasm, embolic material or hy- 
poperfusion. Heparin and glycoprotein IIb/IIa inhibi- 
tors (e.g. abciximab) may be required if an occlusive 
clot forms. All complications may occur rapidly and 
with devastating results. Occasionally, urgent crani- 
otomy may be required. 


Cardiac Catheterization. General anaesthesia is re- 
quired mainly for children (rarely in adults because 
sedation is usually adequate). In children (premature 
neonates to teenagers), congenital heart disease may 
cause abnormal circulations and intracardiac shunts, 
which often present with cyanosis, dyspnoea, failure to 
thrive and congestive heart failure. Patients may also 
have coexisting non-cardiac congenital abnormalities. 
Neonatal patients may be deeply cyanotic and criti- 
cally ill. Initial echocardiography often gives a diag- 
nosis but catheterization is required for treatment or 
determining the possibility of surgery. These radio- 
logical procedures include pressure and oxygen satu- 
ration measurements, balloon dilatation of stenotic 
lesions (e.g. pulmonary valve), balloon septostomy for 
transposition of the great arteries and ductal closure. 
The ideal anaesthetic technique would not produce 
myocardial depression, would avoid hypertension 
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and tachycardia, preserve normocapnia and maintain 
spontaneous respiration of air. All techniques have 
their limitations. Positive-pressure ventilation causes 
changes in pulmonary haemodynamics and there- 
fore influences measurements of flow and pressure. 
Spontaneous respiration with volatile agents may not 
be suitable for patients with significant myocardial dis- 
ease. The onset of action of anaesthetic drugs is affected 
by cardiac shunts and congestive failure. Contrast me- 
dium in the coronary circulation may cause profound 
transient changes in the ECG. Therefore, ECG and 
invasive arterial pressure monitoring should be used 
to allow rapid assessment of arrhythmias and hypo- 
tension. Children with cyanotic heart disease may be 
polycythaemic, thereby predisposing to thrombosis. 


Pacemaker and Cardioverter/Defibrillator Implant- 
ation. These devices may be inserted in the cardiac 
catheter laboratory. These procedures may be per- 
formed under local or general anaesthesia depending 
on the circumstances. Implantation requires placing 
transvenous leads in the cardiac chambers and sub- 
cutaneous tunnelling to the device pocket. Testing of 
cardioverter/defibrillator units should be performed 
under general anaesthesia and the benefit of using di- 
rect arterial monitoring considered. 


TIPS Procedures. Transjugular intrahepatic portosys- 
temic shunt (TIPS) procedures are increasingly being 
carried out in the management of refractory portal 
hypertension, often secondary to cirrhosis. This de- 
creases the risk of developing complications such 
as variceal bleeding or ascites. A shunt is created be- 
tween the portal and hepatic veins to decrease vascular 
resistance. Complications include bleeding and liver 
injury (usually rare), hepatic encephalopathy as a re- 
sult of increased nitrogen load from the gut and he- 
patic ischaemia. Patients are often acutely unwell with 
ascites, poor cardiovascular reserve and disordered 
fluid balance. General anaesthesia is usually required 
for comfort but may be challenging. 


Anaesthesia for Radiotherapy 


Adults may require general anaesthesia for insertion of 
intracavity radioactive sources to treat some types of 
tumour. The commonest tumours to be treated in this 
way are carcinoma of the cervix, breast or tongue. These 


procedures are undertaken in the operating theatre and 
the anaesthetic management is similar to that for any 
type of surgery in these anatomical sites. These patients 
may require more than one anaesthetic for radiotherapy 
treatment. The anaesthetist may be exposed to radiation 
and appropriate precautions should be taken. 

Radiotherapy is used increasingly in the manage- 
ment of a variety of malignant diseases which occur in 
childhood. These include the acute leukaemias, Wilms’ 
tumour, retinoblastoma and central nervous system 
tumours. High-dose X-rays are administered by a lin- 
ear accelerator and all staff must remain outside the 
room to be protected from radiation. 

Anaesthesia in paediatric radiotherapy presents 
several problems. 


1. Treatment is administered daily over a 4—6 week 
period and necessitates repeated doses of seda- 
tion or general anaesthesia. 

2. The patient must remain alone and motionless 
for short periods during treatment, but im- 
mediate access to the patient is required in an 
emergency. 

3. Monitoring is difficult because the child may 
be observed only on a closed-circuit television 
screen during treatment. 

4. Recovery from anaesthesia must be rapid, be- 
cause treatment is organized usually on an out- 
patient basis and disruption of normal activities 
should be minimized. 


Before treatment begins, the fields to be irradi- 
ated are plotted and marked so that the X-rays may 
be focused on the tumour to avoid damaging the sur- 
rounding structures. This procedure requires the child 
to remain still for 20-40 min and takes place in semi- 
darkness. Radiotherapy treatment is of much shorter 
duration; two or three fields are irradiated for 30—90 s 
each. Anaesthesia or sedation may be required for both 
the focusing and the administration of radiation. 


Anaesthetic Management 


Frequently, these children have a Hickman line in situ 
to ensure reliable intravenous access for a range of 
medications and blood sampling. This makes induc- 
tion of anaesthesia far simpler and avoids repeated i.v. 
cannulation, which may become technically difficult 
and also increasingly distressing for the patient, parent 
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and anaesthetist. The dead space volume of Hickman 
lines must always be remembered and an attempt made 
to keep them clean. Failure to flush these lines immedi- 
ately after administering drugs may lead to disastrous 
consequences when the anaesthetic drugs are flushed 
into the bloodstream at a later time. Inhalational in- 
duction with the child sitting on the parent’s knee is 
an alternative technique. Agents such as ketamine are 
unsatisfactory because sudden movements may occur 
and excessive salivation may risk airway compromise. 

When anaesthesia has been induced, the child is 
placed on a trolley and anaesthesia maintained with 
nitrous oxide, oxygen and volatile agent delivered via a 
laryngeal mask. No analgesia is required and tracheal 
intubation is generally not necessary. There is virtu- 
ally no surgical stimulation and patients may be main- 
tained at relatively light anaesthetic levels, allowing for 
rapid emergence and recovery. Monitoring during ra- 
diotherapy requires the patient, anaesthetic monitors 
and equipment to be observed continuously by closed- 
circuit television. 

The same principles apply when anaesthetizing 
children for other oncology procedures such as bone 
marrow aspiration, lumbar puncture and adminis- 
tration of intrathecal chemotherapy. This often takes 
place in a dedicated suite on the oncology ward and 
patients attend as day cases to avoid the need to come 
to operating theatre. It is helpful to keep records of 
how best to manage these children both physically and 
emotionally to allow continuity and minimize the im- 
pact on the child and its family. 


Anaesthesia for Electroconvulsive Therapy 


Electroconvulsive therapy (ECT) is controlled electrical 
stimulation of the central nervous system to cause sei- 
zures. It is often administered in a dedicated ward area 
within a psychiatric hospital. Indications include severe 
depression, including postnatal depression and cer- 
tain psychoses. The mechanism of the therapy remains 
unknown. The electrical stimulus applied transcutan- 
eously to the brain results in generalized tonic activity 
for about 10s followed by a generalized clonic episode 
lasting up to 1 min or more. The hand-held electrodes 
are placed in the bifrontotemporal region for bilateral 
ECT, or with both electrodes over the non-dominant 
hemisphere for unilateral therapy. The duration of the 
seizure may be important for outcome and depends on 
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age, stimulus site, stimulus energy and drugs, including 
anaesthetics. Seizure activity lasting 25-50s is optimal 
for the antidepressant effect. Treatment may initially be 
2 or 3 times per week for 3 weeks. Contraindications 
include increased intracranial pressure, recent cerebro- 
vascular accident, phaeochromocytoma, cardiac con- 
duction defects, and cerebral or aortic aneurysms. The 
risks from ECT and anaesthesia need to be balanced 
against potential benefits. Drug interactions with tri- 
cyclic antidepressants, monoamine oxidase inhibitors 
and lithium should be considered and managed appro- 
priately. Seizures cause parasympathetic followed by 
sympathetic discharge, producing bradycardia followed 
by tachycardia and hypertension. Myocardial and cere- 
bral oxygen demands increase and cardiac arrhythmias 
and changes in blood pressure of variable magnitude 
and significance, depending on any underlying medi- 
cal conditions (e.g. hypertension, coronary artery dis- 
ease, peripheral vascular disease), may be precipitated. 
Emergence agitation, nausea, headache and fracture 
dislocations are other described complications. 


Anaesthesia 


The patient may be a poor historian because of the psy- 
chiatric condition, so a careful preoperative evaluation 
is essential, including dentition, reflux and fasting status. 
Anaesthesia with neuromuscular blockade is necessary to 
reduce physical and psychological trauma. The anaesthetic 
technique should allow a rapid recovery. Routine anaes- 
thetic equipment and minimum standards of monitoring 
should be available. Pretreatment with glycopyrrolate may 
be useful to reduce bradycardia and oral secretions. After 
preoxygenation, an intravenous induction agent and a 
neuromuscular blocker are administered. A bite block is 
inserted when mask ventilation with oxygen is achieved 
and then the stimulus is applied to produce a seizure. 
Intubation of the trachea would be required in late preg- 
nancy or other full-stomach situations. Ventilation should 
continue until the patient is breathing, because hypoxia 
and hypercapnia may shorten the seizure. 

Propofol is the most commonly used intravenous 
anaesthetic agent, replacing methohexital in this role. 
If seizure activity is deemed inadequate, etomidate 
is sometimes used, although consideration must be 
given to the potential effect of adrenal suppression 
with repeated administration. Recovery is also likely to 
be less rapid. Thiopental is used occasionally but may 
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shorten the duration of the seizure. Sevoflurane has no 
advantages when compared with intravenous agents 
and is generally more time-consuming to administer. 

Partial neuromuscular blockade is required to allow 
monitoring of the duration of the peripheral seizure 
and to reduce physical symptoms in an attempt to help 
to avoid trauma and minimize post-seizure muscle pain. 
Succinylcholine is often used in a dose of 0.5mgkg™ 
because it has a short duration. Subsequent doses for 
ECT may be modified as appropriate. Use of other neu- 
romuscular blockers (e.g. mivacurium) may necessitate 
short post-procedural artificial ventilation and may not 
be as effective in preventing muscle contractions. 

Cardiovascular drugs such as esmolol or labetalol 
may be required to minimize the acute haemodynamic 
changes of ECT in high-risk patients. 

Anaesthetic drug administration and the patient’s 
response should be accurately recorded, as in other 
anaesthetic situations. This is particularly important 
with ECT because the therapy is repeated frequently 
over several weeks. Each individual responds differ- 
ently to the drugs used and consistent conditions are 
required to obtain the best ECT stimulus response. 


Anaesthesia in the Accident and Emergency 
Department 


Anaesthetists’ involvement in the Accident and 
Emergency (A & E) department varies among hos- 
pitals, depending on the skills of the resident A & 
E medical staff. The following clinical conditions 
usually require an anaesthetist to attend the A & E 
department. 


m Preoperative assessment and resuscitation be- 
fore emergency surgery, e.g. ruptured ectopic 
pregnancy. 

m Specialist airway management for a patient with 
respiratory failure or acute airway compromise. 

m Intensive care admission for a patient needing 
ventilatory and/or other organ support. 

m Resuscitation as part of the cardiac arrest or 
trauma team. 

m Patients requiring specialist cannulation skills. 

m Anaesthesia for patients requiring procedures 
such as cardioversion or gastric lavage. 

m Anaesthesia for patients requiring CT scan, e.g. 
suspected intracranial haemorrhage. 
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The anaesthetist attending A & E should be trained 
and experienced enough to manage these seriously ill 
patients. As in other remote locations, trained anaes- 
thetic assistance is mandatory. Equipment and moni- 
toring should match the minimum standard agreed for 
the main operating theatres. Although the anaesthetist 
should ideally be available continuously (assuming the 
A & E department is admitting patients), there may be 
a delay if he or she is busy in theatre or ICU. Therefore, 
the emergency physician or A & E doctor may some- 
times have provided the initial care of the patient. 
In these situations, it is essential for the anaesthetist 
to obtain appropriate handover information and to 
check the patient/equipment carefully before accept- 
ing responsibility, e.g. before transferring the patient 
for CT scan or to the ICU. 


ANAESTHESIA IN THE PRE- 
HOSPITAL ENVIRONMENT 


The difficulties described in giving anaesthesia out- 
side the operating theatre are compounded when 
working outside the hospital and the AAGBI has pro- 
duced a safety guideline for pre-hospital anaesthesia. 
Anaesthetic intervention may be life-saving in specific 
situations. However, these situations are relatively in- 
frequent and it can result in harm if performed poorly. 
It should only be performed by appropriately trained 
personnel with similar standards as those expected in 
hospital. There should also be a robust clinical gover- 
nance structure integral to every pre-hospital service 
including audit, appraisal, case review, standard algo- 
rithms and a clearly defined lead clinician. Hospital 
staff may find themselves providing care in several 
situations: 


m as a member of a hospital flying squad 

m as an immediate care practitioner 

m on duty (either paid or with the voluntary ser- 
vices) at an event such as a football match or 
festival 

= Armed Forces medical staff in an incident re- 
sponse team. 


Each of these situations has different clinical and 
logistical issues but there are some common areas. For 
this chapter, the main example used is that of hospital 
staff attending a road accident. Working safely in the 


pre-hospital environment demands consideration of 
hazards at the scene and of the roles of the other emer- 
gency services. 

For example, at a road accident, potential hazards 
include: 


broken glass 

spilt fuel 

fire and smoke 

jagged metal edges in damaged vehicles 

other traffic moving around the incident 

cutting and lifting equipment being used by the 
fire brigade. 


Personal Preparation for Working in the 
Pre-Hospital Environment 


It is unreasonable to expect hospital staff to get into 
an ambulance and attend a road accident and function 
effectively without training and preparation. The road 
accident is also a remote and unsupervised location 
and hospitals should deploy only staff with the correct 
clinical background to work in these situations. 

Preparation includes having appropriate safety 
clothing and equipment such as: 


coveralls 
high-visibility jackets 
helmets 

eye and ear protection 
safety boots 

gloves. 


For people attending ballistic incidents, this needs 
to include ballistic helmets and body armour. 

Staff also need insurance to cover travelling to and 
from the incident, and working at the incident. Advice 
on suitable equipment may be found on the British 
Association for Immediate Care (BASICS) website: 
http://www. basics.org.uk 


Training in Pre-Hospital Care 


Several organizations provide training in pre-hospital 
care. These include the following: 


= BASICS runs courses in casualty extrication from 
vehicles and a pre-hospital emergency care cer- 
tificate (PHEC, awarded jointly with the Royal 
College of Surgeons of Edinburgh). Information 
may be obtained from its website (see above). 
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m The Royal College of Surgeons (RCS) of Edinburgh 
examines for a Diploma and Fellowship in 
Immediate Medical Care. Information may be 
obtained from the Faculty of Pre-hospital Care at 
the RCS, Edinburgh. 

= The Royal College of Surgeons of England 
oversees the Pre-hospital Trauma Life Support 
Course, PHTLS. 


Team Working 


Hospital personnel at an incident are there to support 
the Ambulance Service and they need to know whom 
to report to and how to work with ambulance staff and 
police. In addition, the Fire Service may be present 
to manage hazards and provide cutting equipment if 
needed for extrication. The police are present to coor- 
dinate the incident and the area around it, managing 
traffic flow and protecting evidence at the scene. 

While everyone is concentrating their efforts on 
saving and treating the casualties, hospital staff need 
to understand that the other emergency services have 
their own roles, and the management of the incident 
continues after they and the casualties have left the 
scene. 

Interservice working is addressed by the Major 
Incident Medical Management and Support (MIMMS) 
Course run by the Advanced Life Support Group: 
http://www.alsg.org and described in the MIMMS 
manual. 


Working at the Scene 


On arriving at an incident, the anaesthetist should re- 
port to the senior ambulance person, who has called 
the hospital flying squad or immediate care practitio- 
ner for a reason, such as: 


= multiple casualties 
m trapped casualties. 


They may also provide an explanation of what has 
happened, from which the mechanism of injury may 
be inferred and likely injuries anticipated. 

Problems likely to be encountered are: 


m Access to the casualty. The vehicle compartment 
around the casualty may be deformed and in- 
truded. The vehicle may be on its side, upside 
down or in a ditch, making access to the casualty 
difficult. 
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= Lighting. The emergency services may provide 
portable lights, but in pre-hospital care, the an- 
aesthetist is often trying to assess and manage a 
casualty in poor light. 

m Noise. Noise from generators and vehicles makes 
auscultation very difficult and interferes with 
communication with other team members and 
the other emergency services. 

= Environment. Wet weather and cold conditions 
imply that casualties (and staff not wearing ap- 
propriate clothing) become hypothermic quickly. 


Logistical Considerations 


The aim is to move the patient in the best clinical con- 
dition possible to the most appropriate hospital in the 
shortest time possible. In reality, a series of compro- 
mises is needed. Before carrying out any procedure, 
the clinician on the scene needs to ask: 


m Is this essential? 

m Should it be carried out now, during the move to 
hospital or at the hospital? 

= Am I helping the patient and the situation or 
causing undue delay? For example, is it appropri- 
ate to struggle for 15 min to set up an intravenous 
infusion when the hospital is only 5 min travel 
time away? 

m If the casualty is trapped and needs intravenous 
analgesia or anaesthesia to facilitate release, then 
probably yes, unless there are alternatives. 

m If the casualty is ready to leave the scene except 
for this intervention, then probably no (unless 
there is no vehicle available to move the casualty). 


Decisions such as these depend on many factors, 
including the overall situation, travel time to hospi- 
tal, availability of ambulances and the needs of other 
casualties. 


Clinical Considerations 


Airway. The main issue is oxygenation. As in hospital 
practice, simple methods should be tried first, such as 
chin lift, jaw thrust, oral airway, nasopharyngeal air- 
way and laryngeal mask. 

Tracheal intubation may be desirable in a casualty 
at risk of aspiration or with a severe head injury but 
this may not be practical if access to the casualty is re- 
stricted. Simple methods should be used first and the 
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situation reassessed because access to the casualty may 
be improved (e.g. when the roof of the car has been 
cut off or when the casualty has been released from the 
vehicle). The NCEPOD Report from 2007 highlighted 
the deficiencies in airway management in trauma and 
emphasized the need for pre-hospital anaesthesia 
when appropriate. Rapid-sequence induction (RSI) 
with oral intubation is usually the technique of choice 
but this should be performed only by appropriately 
trained individuals with adequate resources. A surgical 
cricothyroidotomy is an alternative definitive airway if 
tracheal intubation is not possible. 

Children are a separate group in whom the thresh- 
old for RSI and tracheal intubation should be high (i.e. 
tracheal intubation should generally be used only if 
other techniques have failed) because not all anaesthe- 
tists are familiar with the management of small chil- 
dren. The risk:benefit ratio should be considered and 
most can be treated with simple airway interventions. 


Cervical Spine Control. Many road accident casual- 
ties are at risk of cervical spine injury. Neck collars 
and other immobilization devices limit mouth open- 
ing and make airway management difficult. The front 
of the collar may be removed and paramedics may be 
asked to substitute manual in-line immobilization if 
the anaesthetist is having difficulty establishing a clear 
airway. 


Breathing. As in hospital, inadequate ventilation is 
supported if necessary using a bag/valve mask. Life- 
threatening injuries such as tension pneumothorax 
may be difficult to diagnose. Some clinical signs, such 
as tracheal deviation, present late. Breath sounds may 
be difficult to hear because of the noisy environment. 
Clinical signs such as the presence of subcutaneous 
emphysema, indicating an air leak, should be sought. 
The decision to decompress a chest may have to be 
made on the basis of deteriorating ventilation and 
‘most likely’ diagnosis. 


Circulation. Control of bleeding with pressure dress- 
ings or tourniquet should be achieved before attempt- 
ing intravenous access. Intravenous fluid resuscitation 
should be targeted at the injury being managed. Some 
injuries require hypotensive resuscitation until surgi- 
cal control is achieved; others require normotension 


(for example, head injury to maintain cerebral 
perfusion). Blood loss may be very difficult to as- 
sess in the field. Blood can be difficult to see on soft 
muddy ground and may pool out of sight on the floor 
of vehicles. 


Deficit. Casualties with a reduced Glasgow Coma 
Score (GCS) and at risk of pulmonary aspiration re- 
quire airway protection (but see above). 


Extremity. Fractures and dislocations may need to be 
reduced at the site of the accident, especially if this 
reduces bleeding or restores circulation to the distal 
limb. Analgesia is often needed (see below). 


Anaesthetic and Analgesic Techniques 


The principles of emergency anaesthesia are discussed 
in Chapter 37. In the pre-hospital environment, the 
same principles apply. Techniques which are familiar 
to the anaesthetist should be used. If the technique 
causes problems (e.g. apnoea or airway obstruction), 
the anaesthetist should have adequate access to the pa- 
tient for appropriate management. 


Local/Regional Anaesthesia. Ring blocks are effective 
for fingers trapped in machinery. Femoral block may 
help in the management of pain from a fractured femur. 


Intravenous Analgesia. The anaesthetist is limited to 
those drugs carried by the ambulance service and de- 
ployed by the flying squad. Intravenous morphine, nal- 
buphine and tramadol have all been used pre-hospital; 
they should be titrated to effect, and any complications 
arising from their use should be managed. 

Low-dose intravenous ketamine is an effective an- 
algesic. Small bolus doses of 10-20mg, titrated to 
effect, are adequate in some casualties to allow fracture 
alignment or release of a trapped limb. 


Inhalational Analgesia. Many ambulances carry 
Entonox, which may be used alone or in combination 
with other drugs. The main concern with the nitrous 
oxide in Entonox is enlargement of a pneumothorax 
or other air-filled cavity. 


Intravenous Anaesthesia. Rapid-sequence induction 
using an i.v. anaesthetic agent may be the technique 
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of choice to allow airway protection and control of 
ventilation in the injured casualty. Appropriate agents 
include ketamine, etomidate and propofol but with the 
dose moderated according to the casualty’s haemody- 
namic status. Before embarking on general anaesthe- 
sia, the anaesthetist should consider such issues as: 


Is there suitable access to the casualty? 

Who is available to provide assistance? 

Is there appropriate monitoring? 

Is appropriate equipment available? Unlike the 
anaesthetic room where equipment is easily to 
hand, the pre-hospital practitioner works using 
a rucksack or other bag containing a very limited 
range of equipment. 


Ideally, there should be four people available to per- 
form intubation, assist the anaesthetist, provide man- 
ual in-line stabilization and perform cricoid pressure. 

Pre-oxygenation should be performed as in the 
standard hospital setting. If the casualty is combative 
and aggressive as a result of low GCS or the effects 
of drugs or alcohol, consideration may be given to 
carefully titrated sedation to allow adequate preoxy- 
genation to take place rather than a ‘smash and grab’ 
approach which may result in significant hypoxaemia. 

Even with a supine casualty on the roadside, laryn- 
goscopy and successful tracheal intubation are often 
more difficult than in the anaesthetic room. A bougie 
or introducer should always be immediately to hand. 
In bright sunlight, it is difficult to see the light from the 
laryngoscope bulb in a casualty’s airway and an assis- 
tant may be posted between the sunlight and the casu- 
alty. There should be a well rehearsed failed intubation 
plan. Tracheal tube placement should be confirmed 
using capnography and the tube should be secured so 
as not to impair venous drainage of the head and neck. 
Anaesthesia should be maintained with midazolam or 
propofol either as intermittent boluses or infusions, al- 
though infusion pumps are rarely to hand. Ventilation 
should aim to produce normocapnia and consider- 
ation should be given to the adequacy of the oxygen 
supply. Clinical assessment and monitoring should be 
employed continuously and recorded as fully as prac- 
ticable. Observations should include: 


m Pulse rate and rhythm 
m Respiratory rate 


ANAESTHESIA OUTSIDE THE OPERATING THEATRE 


Pupil size and reactivity 

Lacrimation 

Presence or absence of muscular activity 
Non-invasive blood pressure (invasive monitor- 
ing is rarely used) 

m Oxygen saturation 

= Capnography 

m ECG. 


Transfer to Hospital 


The choice of hospital is decided usually by the medical 

and ambulance staff on scene and relayed to ambulance 

control. Ambulance control or the personnel on scene 

should contact the hospital so that the receiving team 

is placed on standby and receives as much information 

about the casualty (or casualties) as possible in advance. 
A checklist for transfer includes the following: 


m Is the airway secured for transport? A tracheal 
tube or laryngeal mask should to be tied or taped 
in place. 

m Is oxygen being provided in adequate quantities? 

m Is breathing adequate or is assistance required? 
If the patient’s lungs are being ventilated using a 
mechanical ventilator, is the power capacity (gas, 
electricity or battery) adequate for the journey? 
Is there a back-up such as a self-inflating bag? 

m Is external bleeding controlled? Are i.v cannulae/ 
catheters taped securely in place? What variables 
have been selected (arterial pressure and/or pulse) 
as indicators of resuscitation requirements? 

m If the patient has a reduced GCS, have remedi- 
able causes such as hypovolaemia or hypoglycae- 
mia been considered? 

m Are splints secured? Is spinal immobilization in 
place (where indicated)? Has a check been made 
that straps from splints and spinal immobiliza- 
tion devices are not interfering with respiration? 

m Is the patient being kept warm with blankets? 

= Is appropriate monitoring in place? 


In some situations, it is necessary to ignore much 
of this preparation and ‘load and go’ as fast as possible, 
e.g. some stabbing or gunshot incidents in which the 
overriding need is surgical intervention. 

Civilian helicopter ambulances provide a fast 
method of transporting a patient to hospital but 
these have some limitations. The attending staff may 
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be unfamiliar with working in a helicopter, the space 
around the casualty is restricted compared with a 
ground ambulance and the environment is noisy; also, 
a second ambulance journey is often required at many 
UK hospitals to transport the patient from the helicop- 
ter landing site to the A & E department. 
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INTRODUCTION 


There have been several advances in surgical tech- 
niques, perioperative management and immuno- 
suppressive regimens to prevent early and late organ 
rejection. These have led to improvements in short and 
long-term outcomes after transplantation, with most 
patients now able to lead a relatively normal life (see 
Table 39.1). Furthermore, outcomes following patient 
re-transplantation after rejection or graft failure have 
improved. As a result, it is likely that non-transplant 
anaesthetists are more likely to encounter transplant 
recipients presenting for elective surgery in the future. 
Transplant recipients are more likely than the general 
population to require surgery for malignancy or emer- 
gency procedures especially for acute gastrointestinal 
pathology. In addition, the increased success of solid 
organ transplantation has led to the recipient popula- 
tion being older and having more comorbidities than 
previously. Furthermore, the use of ‘marginal’ donor 
organs, secondary to the relative shortage of organs, 
is likely to make the management of these patients 
more complex. In general, wherever recipients present 
for non-transplant surgery, the patient is likely to have 
both residual evidence of chronic disease, be immu- 
nocompromised and have reduced organ function. In 
the emergency situation, the effect of acute illness may 
also complicate further anaesthetic management. 
Careful attention to detail in the anaesthetic man- 
agement of these patients will allow a smooth transition 
through the current surgical problem and perioperative 
process without disruption of the complex immuno- 
suppressive regimens and without the risk of rejection. 
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TABLE 39.1 


Patient Survival After First Organ 
Transplantation (UK Figures: Year of 
Transplant 2001-2003) 


5 Year 
1 Year 2 Year Survival 
Survival Survival (%) 
(%) (%) (3 Year*) 
idney (live 98 97 95 
related) 
idney (heart 95 93 88 
beating 
donation) 
idney (non 95 94 86 
heart beating 
donation) 
Liver 88 85 76 
Heart 82 79 71 
Lung 68 60 54* 
Pancreas 95 


(including SPK) 


GENERAL CONSIDERATIONS 


Immunosuppression 


Immunosuppressive regimens are an absolute necessity 
in promoting long-term benefit from transplantation. 
The use of mainly steroid-based immunosuppressive 
regimens is gradually being substituted with the devel- 
opment of newer agents which have fewer generalized 
adverse effects. As a result, the complications of ste- 
roid overdose are seen less commonly and iatrogenic 


Cushing's syndrome is rare. However, even newer 
regimens have significant adverse effects and require 
careful monitoring. The greatest risk of graft rejection 
is within the first year after transplantation, especially 
in the first few months. Immunosuppressive regimens 
may be classified as: 


m induction therapies — to reduce both early re- 
jection episodes and complications associated 
with long-term treatments using either high 
dose conventional immunosuppressive agents or 
polyclonal/monoclonal antibodies. 

m maintenance treatments — to prevent chronic re- 
jection episodes with reduced dose therapies. 


The characteristics, side effects and drug inter- 
actions of the main immunosuppressive agents are 
shown in Table 39.2. 

Plasma drug monitoring is usually performed by 
transplant physicians and most patients presenting for 
elective surgery are on a stable regimen of immuno- 
suppressive drugs. Even with stable chronic treatment 
these patients remain at risk of: 


m increased risk of infection (see Table 39.3) — all staff 
should be aware of the risks of opportunistic infec- 
tions and take appropriate precautions, including 
aseptic techniques and microbiological monitoring. 

m reduced wound healing — long-term immuno- 
suppression also reduces the tensile strength of 
tissues and therefore may impair wound healing. 

m major drug interactions —immunosuppressive drugs 
can cause interactions with a number of medications 
used for anaesthesia or postoperative pain relief. 

= damage to other organ systems. 


The presence of acute illness in combination with 
surgical stress is likely to create a period of instabil- 
ity. Early communication with the transplant team 
regarding immunosuppressive therapy is important 
to prevent large alterations of plasma drug concentra- 
tions. These may cause: 


m drug toxicity — caused by reduced drug elimina- 
tion or metabolism. 

m risk of rejection — inadequate plasma levels lead 
to risk of rejection. This risk is greater in the early 
period after transplantation and during periods 
of acute rejection. 
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Residual Comorbidity 


It is important to consider the nature of the disease 
process leading to the initial requirement for trans- 
plantation. Although some systemic manifestations 
are reduced by successful transplantation, residual 
disease in other organs associated with pre-transplant 
disease may remain (e.g. lung disease secondary to 
impaired liver function, cardiac disease secondary to 
renal failure). 

The interval between organ transplantation and 
subsequent elective surgery determines the likelihood, 
nature and complexity of anaesthetic problems. Within 
the first 6 months after transplantation, the major con- 
siderations for the anaesthetist are those of graft rejec- 
tion and acute changes in physiology. One year after 
successful transplantation, the likelihood of significant 
physiological changes is lower although the risk of 
chronic rejection always remains. 


ANAESTHETIC CONSIDERATIONS 


Preoperative 
Immunosuppressive Regimens 


It is important to understand the status and stability of 
the patient’s immunosuppressive regimen and it is ap- 
propriate to communicate with the transplant team at 
an early stage. As a general rule, all current immunosup- 
pressive therapy should be continued throughout the 
perioperative period. However, if gastrointestinal ab- 
sorption is likely to be compromised after surgery, oral 
immunosuppressive drugs should be converted to intra- 
venous preparations; drug doses must be guided by drug 
bioavailability. Complete omission of immunosuppres- 
sive regimens must be limited to the most extreme cases, 
where sepsis is potentially life threatening and where the 
risk of graft rejection becomes a secondary issue. 


Transplanted Organ Status 


Although many standard biochemical tests of renal, 
liver and cardiac function are normal in transplant 
recipients, the functional reserve of most transplanted 
organs is reduced. Any degree of surgical stress can po- 
tentially reduce organ function further and may lead 
to organ failure. Therefore, any measure available to 
reduce surgical stress (e.g. by changes in anaesthetic 
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TABLE 39.2 


Immunosuppressive Drugs: Mechanisms of Action, Side Effects and Interactions 


Drug Type Mechanism of Action Side Effects Interactions 
Maintenance Regimens 
Steroids Block T and B cell activation Hypertension, 
via inhibition of IL and hyperlipidaemia, diabetes, 
cytokine gene transcription osteoporosis 
Calcineurin inhibitors (e.g. Inhibit IL-2 T cell CyA - Hypertension, Macrolides 


Cyclosporin A, Tacrolimus) 


Antiproliferatives 
(Mycophenolate mofetil 
(MMF), Azathioprine) 


mTOR inhibitor (e.g. Sirolimus) 


activation: relies on CYP450 
metabolism 


MMF - Inhibitor of T and B 
cell inosine monophosphate 
dehydrogenase 

AZA - Inhibits purine 
nucleotide synthesis 
Combines with mTOR via 


FK-binding resulting in cell 
cycle arrest 


nephrotoxicity, 
hyperkalaemia, neurological 
Tacrolimus - diabetes, 
nephrotoxicity, neurological 


Gl upset, Metronidazole, norfloxacin 
marrow suppression 
(anaemia, leucopaenia, 


thrombocytopaenia) 


Marrow suppression Antifungals, some 


(anaemia, leucopaenia), antimicrobials 


hypercholesterolaemia 


Induction Therapy 


Polyclonal antibodies (e.g. Anti- 
thymocyte globulin (ATG)) 


Monoclonal antibodies (e.g. 
OKT3, Daclizumab, basiliximab, 
alemtuzumab) 


Polyclonal antibodies: act 
against most T cell antigens 


Monoclonal antibodies: 

(1) OKT3 - Act against CD3 
onT cells 

(2) Daclizumab, basiliximab - 
Block IL-2 T-cell activation 
(3) Alemtuzumab 
(Campath) - Specific 

action against common 
lymphocyte and monocyte 
CD52 antigen: depletes 
lymphocytes without 
reducing neutrophils, etc 


TABLE 39.3 


Organisms Causing Common Opportunistic 
Infections in Transplant Recipients 


CMV (cytomegalovirus) 


Fungi - Aspergillus sp, Candida sp 


Pneumocystis sp 


Legionella sp 


Toxoplasma sp 


Listeria sp 


Cytokine response (fever, 
anaphylaxis) 


Haematological 
suppression, fever, nausea, 
pulmonary oedema (ARDS) 
Alemtuzumab - hypotension, 
bleeding, allergic reaction 


management or minimally invasive surgery) should be 
used where appropriate. Where either biochemical or 
clinical evidence of rejection is present, further investi- 
gation and graft optimization is mandatory before any 
surgical procedure. 


Presence of Infection 


In addition to the presence of infection causing the 
initial requirement for transplantation (e.g hepatitis or 
CMV), the development of de novo infection must be 
investigated. However, the diagnosis may be difficult in 


these patients because typical presenting features may 
be absent. Fever may not be present and given that 
some drug regimens cause leucopoenia, an increased 
white cell count for a particular patient may lie within 
the ‘normal’ range. In elective situations, a recent cul- 
ture screen for infection should have been performed 
before surgery and will guide further management. 
Early discussion with microbiology colleagues should 
take place to assess the correct regimen for surgical 
prophylaxis. There is no evidence to support an in- 
crease in the use or duration of prophylactic periop- 
erative antibiotics in the transplant recipient. 


Function of Other Organ Systems 


Although the status of the transplanted organ and as- 
sociated system is important, the systemic effect of the 
disease process that created the need for transplant 
must also be considered. Although transplantation 
may reduce the effects of this disease, full reversal of 
major systemic disease is unlikely. 

Cardiovascular issues are common to many mul- 
tisystem diseases requiring transplantation especially 
renal, pancreatic, and liver disease and are a common 
cause of mortality after transplantation. Paradoxically, 
the presence of coronary artery disease in cardiac trans- 
plant recipients is less likely unless rejection is present. 
Although most patients undergoing these transplants 
will have had a full investigation of their cardiac status 
before transplantation, presentation for surgical pro- 
cedures may occur sometime after the transplantation. 
Therefore, depending on the complexity of the surgery 
contemplated, more up to date investigation may be 
warranted. The presence and stability of diabetes must 
be known. As previously mentioned, systemic toxicity 
caused by immunosuppressive regimens, must also be 
considered before surgery. 


Intraoperative 


The overriding principles for anaesthetic management 
of transplant recipients are to reduce the degree of sur- 
gical stress, avoid injury to the transplanted organ and 
to protect against infection. 


Avoidance of Surgical Stress 

Laparoscopic surgical techniques have the advantage 
of reducing surgical stress. However, especially in the 
case of abdominal solid organ transplants (i.e. liver, 
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pancreas, intestinal) this must be balanced with the in- 
creased intra-abdominal pressures during laparoscopy 
and the potential to reduce organ perfusion. Regional 
analgesic techniques also reduce surgical stress but 
may have relative contraindications if coagulation 
(liver), haemodynamic (cardiac) or autonomic (e.g. 
renal, pancreatic) dysfunction are present. 


Reduce Injury to Transplanted Organ 


It is vital to maintain adequate perfusion of the trans- 
planted organ, and hypovolaemia must be avoided. 
Minimally invasive techniques are now available to op- 
timize fluid balance and cardiac output and these are 
recommended in major surgery, where blood loss and 
fluid shifts are most likely. Perfusion pressures must be 
maintained for renal transplant recipients and direct 
arterial monitoring is indicated in these patients for all 
but the most minor procedures, especially where pre- 
operative hypertension exists. Other measures should 
be used to maintain organ perfusion in addition to 
maintaining circulating volume, particularly in liver 
transplant recipients. These include the avoidance of 
high central venous pressures, high levels of PEEP and 
excessive doses of volatile anaesthetic agents. It is im- 
portant to avoid high airway pressures and excessive 
airway manipulation to prevent organ injury in lung 
transplant recipients. Direct injury to cardiac function 
in heart transplant recipients is less likely during non- 
cardiac surgery. 

The use of anaesthetic agents that are non-toxic to 
the transplanted organ is important, given reduced 
organ reserve. Large volumes of radiological con- 
trast agents, aminoglycosides and non-steroidal anti- 
inflammatory drugs are best avoided in renal transplant 
recipients. Liver transplant function is rarely affected 
by anaesthetic drugs and, importantly, paracetamol in 
analgesic doses is not contraindicated. 


Infection 


Strict asepsis must be adhered to at all times especially 
when inserting central venous access lines or perform- 
ing regional anaesthetic techniques. It is best to avoid 
using dedicated in situ TPN lines for the administra- 
tion of anaesthetic drugs. Although predominantly 
determined by the type of surgery, some advocate 
minimal airway manipulation and the avoidance of 
nasal intubation. 
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Postoperative 


Postoperative management of transplant recipients 
must be carefully planned and the requirement for 
enhanced postoperative care facilities must be con- 
sidered; this depends on the preoperative status of the 
patients and the type of surgery. If admission to criti- 
cal care is contemplated, the risk of infection must be 
considered and a separate cubicle may be required. 
Analgesia is best provided with regional techniques, 
thereby preventing the administration of intravenous or 
oral agents that have the potential for transplanted organ 
toxicity. Reduced metabolism and excretion of analgesic 
agents, especially opioids, may require alteration in drug 
type dose or interval and more rapid acting agents are 
commonly used in liver and renal transplant recipients. 
The administration of additional steroid doses to 
prevent the possibility of adrenal unresponsiveness is 
controversial. Although hypothalamic-pituitary axis 
suppression is common, the incidence of severe periop- 
erative events including hypotension and adrenal crisis is 
rare. Some authors suggest that supplementation is not 
required unless the maintenance steroid dose is >20mg 
prednisolone per day. In the absence of clear evidence, 
the use of prolonged supraphysiological doses of steroids 
is best avoided and the continuation of chronic steroid 
doses with short term steroid augmentation is recom- 
mended. A dose of 25-75mg day! hydrocortisone for 
2448 h is adequate for all but the most major procedures. 


SPECIFIC ISSUES 


Renal 


The kidney is the most commonly transplanted organ 
and renal transplantation has the most successful pa- 
tient outcome. The success of the live-related kidney 
program has further increased the number of trans- 
plants being performed and allowed patients with 
more severe comorbidities to undergo transplanta- 
tion. For these reasons, the non-transplant anaesthe- 
tist is most likely to encounter patients with a renal 
transplant. 


Indications for Renal Transplantation 
Typical indications for renal transplantation include: 


m diabetic nephropathy (often combined as simul- 
taneous kidney—pancreas transplant) 
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= hypertensive nephrosclerosis 
m acute and chronic glomerulonephritis 
m polycystic kidney. 


The effects of renal transplantation on quality of 
life issues are profound: most recipients are rendered 
dialysis-free. However, any systemic complications 
already present as a component of renal disease may 
continue to pose problems. Patients presenting for 
surgery may retain diabetic-related illnesses, ischaemic 
heart disease, hypertension and pulmonary disease. 
They are also maintained on relatively severe immu- 
nosuppressive regimens with the risk of adverse effects 
(Table 39.2). 


Preoperative Status 


Serum creatinine concentrations are often normal, 
but in most cases, glomerular filtration rate and renal 
plasma flow are reduced. This may have a covert effect 
on drug metabolism and excretion. Nephrotoxic drugs 
(e.g. contrast agents, aminoglycosides) should be 
given in reduced doses, whereas non-steroidal anti- 
inflammatory drugs are relatively contraindicated. 
Hypertension, often induced by Cyclosporin A, is a 
common problem after transplantation, with 50% of 
renal recipients requiring therapy at one year after 
transplant. 


Surgical Presentation 


Renal recipients present early after transplantation for 
bleeding problems or inadequate urine output. Later 
presentation for non-transplant surgical intervention 
is often due to urological complications or the need 
for further fistula formation where transplantation 
has been unsuccessful. Systemic complications of renal 
disease including osteoporosis may require orthopae- 
dic intervention. Gastrointestinal and cardiac diseases 
are also more common in these patients and may re- 
quire surgical intervention. 


Anaesthetic Considerations 


Regional anaesthesia is safe in renal transplant recipients 
and should be considered in the first instance. However, 
general anaesthesia is often required and is best per- 
formed using rapid acting agents, which do not rely on 
renal excretion. Desflurane or isoflurane are the vola- 
tile agents of choice. Sevoflurane is also safe and early 
reports of high doses of fluoride ions after prolonged 


surgical procedures have not been shown to be harm- 
ful in humans. Serum potassium concentrations must 
be determined where suxamethonium is being used. All 
non-depolarizing neuromuscular blockers may be used 
but atracurium or cisatracurium have theoretical ad- 
vantages, given the likelihood of reduced renal reserve. 
All drugs that have active intermediate metabolites (e.g. 
morphine) may have a prolonged action and should 
be used with caution. Alternatively, analgesia may be 
provided by regional or central neuraxial blockade. 
Since the transplanted kidney has no autoregulatory 
mechanisms, it is particularly susceptible to damage 
if perfusion pressure is reduced. Therefore, an appro- 
priate blood pressure must be maintained by both the 
judicious use of vasopressor therapy and the assiduous 
avoidance of hypovolaemia, especially where dialysis 
has been performed before surgery. In this regard, a 
non-invasive monitor of fluid status with or without 
invasive arterial pressure monitoring is appropriate. 


Liver 


Liver transplantation is now the second commonest 
transplant surgery performed in the UK. The require- 
ment for liver transplantation is likely to increase given 
the recent trend for an increased incidence of fatty liver 
and alcohol-related illnesses in younger individuals. The 
limiting factor to liver transplantation is the paucity of 
donor organs although live-related transplantation is 
now being performed in some centres in the UK. The 
survival rates for liver transplantation are high: 85-90% 
of patients survive to 1 year and 75% survive for 5 years. 


Indications for Transplantation 


Common indications for orthoptic liver transplanta- 
tion include: 


alcoholic liver disease (abstinent/reformed patients) 
viral hepatitis (e.g. hepatitis C, B) 

primary biliary cirrhosis 

drug-induced hepatitis 

paracetamol-induced liver failure — acute trans- 
plantation. 


Preoperative Status 


Successful transplantation leads to an early return to 
normal hepatic function and coagulation. Drug me- 
tabolism starts earlier within hours of reperfusion in 
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a well functioning graft. Many of the systemic mani- 
festations of liver disease including pulmonary abnor- 
malities return to normal postoperatively. Resolution 
of pleural effusions, ascites and pulmonary shunting 
occurs within the first few weeks. Hepatopulmonary 
syndrome usually resolves and oxygenation is rarely a 
problem in patients after transplant. Porto-pulmonary 
hypertension, secondary to chronic liver disease, was 
previously a contraindication to transplantation. 
However, preoperative therapy with pulmonary vaso- 
dilator therapy has allowed successful transplantation 
in these patients. However, complete resolution of this 
problem is uncommon and many patients remain on 
therapy. These drugs must be continued throughout 
the perioperative period and any factors leading to 
pulmonary vasoconstriction must be eliminated. The 
haemodynamic stigmata of chronic liver disease (sys- 
temic vasodilatation and high cardiac output) usually 
return to a normal level within months of transplan- 
tation but tolerance of a low systemic vascular resis- 
tance in the early postoperative period is important 
as long as adequate blood pressure allows. Similar to 
the renal allograft, lack of autoregulation makes the 
organ susceptible to ischaemia-reperfusion injury. 
Hypovolaemia, high levels of PEEP, and increased cen- 
tral venous pressures, may lead to worsening of liver 
function. 


Surgical Presentation 


Liver transplantation has a high incidence (15-20%) 
of needing early re-operation and this may not always 
be dealt with by the transplant team. Indications in- 
clude surgical bleeding from the gallbladder bed, pos- 
terior to the liver, from any vascular anastamosis or 
from portal varices. Surgical bleeding may be difficult 
to differentiate from coagulopathy and may lead to a 
‘negative’ laparotomy. However, removal of surgical 
packs may also necessitate intervention. Where there 
has been delayed normalization of coagulation, hae- 
matoma formation may lead to abdominal tampon- 
ade which must be released to avoid renal and liver 
compromise. There is a risk of cardiovascular collapse 
caused by release of tamponade and reduction of ve- 
nous return and it is important to have methods avail- 
able to perform rapid transfusion including adequate 
venous access, although many of the access lines will 
still be in position from the original transplant. 
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Hepatic artery or portal vein thrombosis may lead 
to graft failure and are surgical emergencies. Most 
centres use ultrasound investigation of the graft 
postoperatively to ensure vessel patency. However, 
a worsening metabolic acidosis and coagulopathy 
are signs of impending thrombosis. Early diagnosis 
will allow return to theatre with a chance of rescu- 
ing the threatened graft. Complete thrombosis of 
vessels is difficult to rectify and may need urgent 
re-transplantation. 

Biliary tract drainage procedures (including Roux 
en Y formation) are often required after transplan- 
tation and especially where there has been a hepatic 
artery complication. Incisional hernia repair is also a 
common surgical intervention. 


Anaesthesia 


After successful liver transplantation, many of 
the sequelae of chronic liver disease will have re- 
solved and functional reserve will have improved. 
However, ischaemic heart disease may still be 
present and must be investigated. Similarly, pre- 
transplant evidence of pulmonary hypertension 
should be noted and current therapy optimized 
if necessary. Clinical evidence of sepsis may sug- 
gest active cholangitis and this should be treated 
before biliary drainage procedures are performed. 
Recidivism after a transplant for alcoholic liver dis- 
ease is common and assessment of alcohol intake 
must be ascertained. Preoperative investigations 
should include full clotting studies, liver function 
tests and electrolytes. The presence of ongoing vi- 
ral illness is important for both theatre safety and 
blood cross-matching. 

Further abdominal surgery may be complex and 
haemorrhage is a real possibility. Good venous ac- 
cess is mandatory. Regional anaesthesia is not con- 
traindicated unless clotting dysfunction remains an 
issue. Unpredictable drug metabolism is important 
within the first few months after liver transplanta- 
tion. However, if liver function tests have returned to 
baseline, it can be assumed that the response to anaes- 
thetic drugs will be normal. Vecuronium is not con- 
traindicated in this population, although it is probably 
prudent to use atracurium wherever coexisting renal 
disease is present. Paracetamol in standard analgesic 
doses is not contraindicated. 
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Cardiac 
Indication for Transplantation 


The main indications for heart transplantation are: 


m severe heart failure (e.g. viral cardiomyopathy, 
hypertension, ischaemic heart disease) 

= pulmonary hypertension 

m congenital heart disease. 


Preoperative Status 


In contrast to renal and liver transplant recipients, 
the diseases that lead to the requirement for cardiac 
transplantation are less likely to be systemic in na- 
ture. However, the transplanted organ must not be 
considered normal in terms of its innervation and 
haemodynamic responses. Autonomic denervation 
leads to a loss in vagal control of the sinoatrial node 
and a persistent tachycardia. The ECG may show 
two ‘p waves due to remnants of the explanted or- 
gan conduction system. There may also be minor ar- 
rhythmias, bundle branch blocks and in some cases 
pacemaker fitting may have been necessary. Cardiac 
functional capacity is usually normal or minimally 
reduced. Early preload dependency is followed by a 
steady improvement in function due to an appropri- 
ate cardiac response to increased catecholamine con- 
centrations. Indeed, most successfully transplanted 
patients eventually return to having a normal car- 
diac output, stroke volume and ejection fraction. 
The highest risk of rejection occurs within the first 
six months after transplantation and is diagnosed 
by myocardial biopsy. Increased troponin levels may 
also be associated with rejection. Chronic rejection 
often presents as progression of coronary artery dis- 
ease without angina, due to reduction in sympathetic 
innervation and is angiographically present in 20% 
of patients, 5 years after transplantation. 


Surgical Presentation 


Early reoperation may be required due to surgical 
bleeding and the inherent risk of cardiac tamponade, 
although these complications are commonly dealt 
with by the transplant team. Cardiac recipients are 
more likely to present to the non-transplant anaesthe- 
tist for abdominal surgery. Cardiopulmonary bypass 
in conjunction with a debilitated immune system and 
high dose immunosuppression makes these patients 


more susceptible to intra-abdominal complications 
and mucosal perforation. Furthermore, sternal wound 
breakdown may require multiple surgical operations 
with complex tissue grafting procedures. 


Anaesthetic Considerations 


Preoperatively, hypertension (often induced by 
Cyclosporin A) is present in two third of patients and 
may require adjustment of drug therapy or treatment. 
Permanent pacemakers must be checked before the 
procedure and appropriate measures taken for intra- 
operative management. Persistent atrial arrhythmias 
may suggest rejection and require further investigation. 

Intraoperatively, the use of regional anaesthesia is 
somewhat controversial but where there is normal car- 
diac function, it is unlikely to cause major complications. 
Right internal jugular vein cannulation is best avoided 
since it provides venous access for frequent myocardial 
biopsies. Drugs affecting the autonomic system are of 
minimal use in these patients due to the denervation oc- 
curring after heart transplantation. A requirement for 
an increased chronotropic or inotropic effect requires 
the use of direct-acting drugs including dobutamine, 
ephedrine and noradrenaline. Drugs that have direct 
action on heart allografts are shown in Table 39.4. 

In the early stages after transplantation, cardiac out- 
put relies on an adequate preload. Fluid therapy should 
be optimized, guided by appropriate monitoring tech- 
niques (e.g. TOE, non-invasive cardiac output devices) 


TABLE 39.4 


Drugs that have Direct Action on Heart Allografts 


Direct-Acting Drugs — Retained 
Action on Denervated Heart 


No Activity on Denervated 
Heart 


Dobutamine Atropine, Glycopyrrolate 


Ephedrine Neostigmine 
Dopamine Pancuronium 
Glugacon Pyridostigmine 
Digoxin 

Adrenaline 


Noradrenaline 


Beta-blockers 


Phosphodiesterase inhibitors 
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and avoiding reductions in afterload. All current vola- 
tile and analgesic agents in judicious doses are suitable. 


Pulmonary 
Indications for Transplantation 


The common indications for lung transplantation are: 


= COPD and emphysema (45%) 

m cystic fibrosis 

m pulmonary fibrosis 

= pulmonary hypertension 

m others: including Eisenmenger’s complex. 
Transplantation may be either single (SLT) or dou- 

ble lung (DLT) or may occur in combination with a 

heart transplant (en bloc). 


Preoperative Status 


Pulmonary function after both single and dou- 
ble lung transplantation improves over the first 
six months. Persistent hypercapnia suggests al- 
lograft dysfunction. Lung volumes are reduced in 
the first month after both SLT or DLT. Successful 
DIT results in return of full lung function and at 
3 months after transplant, Po, PCO, and exercise 
tolerance are likely to be close to normal. SLT has a 
more variable return of function depending on the 
underlying disease process. The commonest com- 
plications of both forms of lung transplantation are 
infection and rejection. Rejection often presents as 
an obliterative bronchiolitis which occurs around 
8-12 months post-transplant and is present in up to 
70% of patients who survive for 5 years. 


Surgical Presentation 


Early re-exploration is required for surgical bleeding 
and repair of anastomotic leaks. The anaesthetist is 
likely to encounter these patients for investigation of 
airway stenosis, drainage of infection and diagnostic 
bronchoscopy. There is also an increased risk of intra- 
abdominal lymphoproliferative disease and this may 
require surgery. 


Anaesthetic Considerations 


Many of these patients will have recent pulmonary 
function tests available. However, a worsening of func- 
tional symptoms since previous testing requires fur- 
ther testing. In some cases, an echocardiogram may be 
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appropriate to rule out concomitant cardiac disease. 
Baseline blood gases are useful where supplemental 
oxygen is required, especially in SLT recipients. Recent 
chest infection should trigger preoperative sputum 
culture with appropriate therapy and awareness for a 
requirement for physiotherapy. 

Intraoperatively, the anaesthetist should always be 
aware of possible altered upper airway anatomy and 
airway responses in both SLT and DIT recipients. DLT 
(or combined heart-lung) recipients have no airway 
reflexes. Postoperative sputum retention and chest in- 
fection are common and extubation under deep an- 
aesthesia is not appropriate. In addition, fluid overload 
may lead to pulmonary oedema due to the disruption 
of pulmonary lymphatics. 

SLT patients retain airway and carinal responses. 
However, the presence of an allograft with normal 
structure in combination with a lung retaining the 
original disease process may cause specific ventilatory 
problems. Pulmonary blood flow preferentially diverts 
to the allograft and during lateral positioning, espe- 
cially where the diseased lung is dependent, difficult 
oxygenation and overt hypoxia may occur. Different 
lung compliances may lead to volutrauma or barotrauma; 
differential lung ventilation must be considered in this 
situation. However, given altered airway anatomy, the 
siting of a double lumen tube may be very difficult and 
other methods of lung isolation may be required. 


Pancreas 


Isolated pancreas transplant alone is less common 
than simultaneous kidney—pancreas transplantation 
(SPK; the latter potentially prolongs the survival of 
both grafts). 


Indications for Transplantation 


The indication for transplantation is almost exclu- 
sively for longstanding poorly controlled diabetes. 
Although patients have the ability to be free from insu- 
lin administration there is a compromise trade-off in 
that patients remain on immunosuppressive therapy 
thereafter, with the inherent risk of infection. 


Preoperative Status 


Early graft function allows rapid discontinuation of 
exogenous insulin therapy. However, even when this 
occurs, stabilization of the patient on an appropriate 
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immunosuppressive regimen may delay recovery for 
some weeks. Where recovery of insulin secretion is 
not rapid, a more prolonged period of instability is 
expected. Drainage of pancreatic secretions is an im- 
portant component of the initial transplant procedure 
since exocrine secretions may cause major injury to 
internal organs. Drainage procedures have included 
enteric or urinary drainage procedures. The latter al- 
lows for measurement of urinary pancreatic amylase 
but where SPK has been performed, this monitoring 
is rarely needed as renal failure often precedes pan- 
creatic graft failure. Furthermore, bicarbonate losses 
are considerable requiring intravenous replacement 
in the early phase. Enteric drainage allows bicarbon- 
ate reabsorption, and acidosis and dehydration are 
uncommon. 


Surgical Presentation 


There is a high incidence of early postoperative re- 
turn to theatre due to surgical bleeding. This may 
be either a major (mesenteric axis or splenic vein) 
or more insidious haemorrhage (pancreas sur- 
face). Timely surgery may allow recovery from graft 
thrombosis which occurs in 10-15% of transplants, 
although this is rarely successful and more often 
graft loss occurs. 


Anaesthetic Considerations 


Preoperative blood tests must include electrolytes 
and especially bicarbonate where urinary drainage 
has been performed. Residual requirement for in- 
sulin must be noted and a similar insulin regimen 
to those for other diabetics presenting for surgery 
should be used. The systemic effects of long-term, 
uncontrolled diabetes may remain even after suc- 
cessful pancreas transplantation. Patients may have 
persistent ischaemic heart disease, often silent, that 
must be investigated where there has been recent 
functional deterioration. Discontinuation of anti- 
thrombotic agents prescribed after previous coro- 
nary intervention must be considered. Autonomic 
neuropathy is common and leads to a delay in 
gastric emptying, hypotension and a vagolytic re- 
sponse to surgery. Wherever there is a combination 
of anti-thrombotic medication and autonomic dys- 
function, the use of regional anaesthetic must be 
carefully considered. 


Intestinal (Including Multivisceral) 
Transplants 


Intestinal transplants are performed in a limited num- 
ber of UK centres and are indicated mainly for loss of 
intestinal function (surgical or non-surgical reasons). 
These patients have significant problems after the 
initial transplantation but these are commonly dealt 
with in specialist units. However, patients may pres- 
ent for incidental elective and emergency procedures 
in other hospitals and may pose significant practical 
anaesthetic problems. Parenteral nutritional support is 
needed in the early postoperative period and this may 
lead to later difficulties with venous access. Indeed, the 
patient’s nutritional state may remain poor for some 
time after transplantation. The initial transplantation 
makes further surgical access difficult with the risk of 
haemorrhage and prolonged procedures. Postoperative 
care in a critical care environment is advisable, given 
the degree of debility, ongoing nutritional require- 
ments and the need for multidisciplinary care. 


Bone Marrow Transplantation 


The indications for bone marrow transplantation 
continue to increase and include many forms of hae- 
matological malignancy. The initial procedures rarely 
concern anaesthetic services. However, the complica- 
tions caused by infection, chemotherapy and the re- 
quirement for multiple radiological procedures and 
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investigations often require anaesthetic input. Many of 
these occur in remote locations and children make up 
a significant proportion of patients. 


SUMMARY 


The increasing number of patients obtaining long- 
term survival benefits after various forms of trans- 
plantation means that more will present for alternative 
elective and emergency surgery. General issues relate 
to alterations in immunosuppressive regimens, the 
risk of infection and rejection and the presence of 
systemic diseases related to the original disease pro- 
cess. In most circumstances, where the initial trans- 
plant has been successful, the patient will have made 
an appropriate return to normal capacity. Even so, the 
functional reserve of the transplanted organ remains 
limited, even where simple biochemical markers of 
organ function are within normal range. The trans- 
planted organ therefore remains at serious risk of fur- 
ther damage wherever the stress of a major surgical 
procedure is applied. In addition, the issues related to 
specific organ disease must also be considered. 


FURTHER READING 


Keegan, M.T., Plevak, D.J., 2004. The transplant recipient for non- 
transplant surgery. Anesthesiol. Clin. North America 22, 827-861. 
UK Transplantation Website. http://www.organdonation.nhs.uk/. 


POSTOPERATIVE CARE 


fi. modern anaesthetic practice, the patient is 
monitored and supervised closely and continuously 
during induction and throughout the operative pro- 
cedure. However, many problems associated with 
anaesthesia and surgery may occur in the immediate 
postoperative period, and it is essential that supervi- 
sion by adequately trained and experienced personnel 
is continued during the recovery period. In addition, 
some major and minor complications of anaesthesia 
and surgery may occur at any time in the first few days 
after operation. 


THE EARLY RECOVERY PERIOD 


Most hospitals have a recovery ward (or postanaesthesia 
care unit, PACU) within, or in close proximity to, the 
operating theatre suite (see Ch 20). The Association 
of Anaesthetists of Great Britain and Ireland (AAGBI) 
recommends that fully staffed recovery facilities must 
be available at all times in hospitals with an emergency 
surgical service. Some locations where anaesthesia is 
provided (e.g. the X-ray department) may not have a 
recovery ward. This section describes common prob- 
lems which occur in the immediate postoperative pe- 
riod and refers specifically to their management in a 
recovery ward; however, the same principles are appli- 
cable to recovery in other locations. 

The recovery period starts as soon as the patient 
leaves the operating table and the direct supervision of 
the anaesthetist. All the complications described below 
may occur at any time, including the period of trans- 
fer from operating theatre to recovery ward; in some 
operating theatre suites, the transfer to the recovery 


794 


ward may last for several minutes, and it is essential 
that the standard of observation does not diminish 
during the journey. The patient must be supervised 
and monitored closely at all times. 


Systems Affected 
Central Nervous System 


Consciousness may not return for several minutes 
after the end of general anaesthesia and may be im- 
paired for a longer period of time. During this period, 
a patent airway must be maintained. There is a risk of 
aspiration into the lungs of any material, e.g. gastric 
content or blood, which is present in the pharynx. 
Consciousness may also be depressed in patients who 
have received sedation to facilitate endoscopy or re- 
gional anaesthesia. 

Excitement and confusion may occur during re- 
covery and may result in injury. Pain may be severe if 
long-acting analgesics or a nerve block have not been 
provided during surgery. 


Cardiovascular System 


Peripheral vascular resistance and cardiac output 
may be reduced because of residual effects of anaes- 
thetic drugs in the absence of surgical stimulation. 
Hypovolaemia may be present because of inadequate 
fluid replacement during surgery, continued bleeding 
postoperatively or expansion of capacitance of the vas- 
cular system as a result of rewarming. Cardiac output 
may also be reduced as a result of arrhythmias or pre- 
existing disease. Hypertension may occur as a result of 
increased sympathoadrenal activity after restoration of 
consciousness, especially if analgesia is inadequate. 


Respiratory System 


Hypoventilation occurs commonly, usually as a re- 
sult of residual effects of anaesthetic drugs or incom- 
plete antagonism of neuromuscular blocking drugs. 
Hypoxaemia may result from hypoventilation, venti- 
lation/perfusion imbalance or increased oxygen con- 
sumption produced by restlessness or shivering. 


Gastrointestinal System 


Nausea and vomiting are common in the immediate 
postoperative period. 


Staff, Equipment and Monitoring 


The recovery ward should be staffed by trained and 
experienced nurses. One nurse must remain with each 
patient at all times until consciousness and airway re- 
flexes return. The responsibility for the patient’s welfare 
remains with the anaesthetist. Ideally, an anaesthetist 
should be available immediately to treat complications 
detected by the nursing staff in the recovery ward. 

The patient is nursed in a bed if available or if a pro- 
longed stay is anticipated, but sometimes on a trolley 
(Fig. 40.1). All beds and trolleys must have the facility 
to be tipped head-down. Suction apparatus, includ- 
ing catheters, an oxygen supply with appropriate face 
mask, a self-inflating resuscitation bag and anaesthetic 
mask, a pulse oximeter and an automated non-invasive 
blood pressure monitor must be available for each 


Part of a recovery ward. Many patients are 
nursed on a trolley, but a bed is used if available, and particu- 
larly for those who have undergone major surgery and those 
who need to stay for several hours. 


FIGURE 40.1 
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patient. In addition, there should be a complete range 
of resuscitation equipment within the recovery area; 
this includes an anaesthetic machine, a range of laryn- 
goscopes, tracheal tubes, bougies, intravenous (i.v.) 
cannulae, fluids, emergency drugs, electrocardiogram 
(ECG) monitor and defibrillator. Facilities for emer- 
gency airway management including surgical airways 
should also be available (see Ch 22). 

A wide range of drugs should be stored in the re- 
covery area for the treatment of common complica- 
tions and also emergency events (Table 40.1). 

On arrival in the recovery ward, the anaesthetist 
should give the nurse full details of pre-existing medical 
problems, surgical procedure, anaesthetic technique, 
drugs, regional blocks, fluids, blood loss/replacement, 
any untoward events and any anticipated problems 
during recovery. All patients should be monitored by 
measurement of pulse rate, arterial pressure, arterial 
oxygen saturation and respiratory rate, and by assess- 
ment of level of consciousness, peripheral circulation 
and adequacy of ventilation. Depending on the nature 
of work undertaken in the theatre suite, a proportion 
of bed stations should have the facility for monitor- 
ing ECG, systemic and pulmonary arterial pressures 
and central venous pressure (CVP) continuously; this 
may be required in high-risk patients or those who 
have undergone major surgery. Capnography should 
be available for use in patients who require tracheal in- 
tubation. At least one mechanical ventilator should be 
available, although more may be required depending 
on the workload. Urine output should be measured 
routinely in patients who have undergone major sur- 
gery. Wounds and surgical drains should be inspected 
regularly for signs of bleeding. 

It is important that the handover from anaesthetist 
to recovery nurse is systematic and undertaken in an 
unhurried way when both anaesthetist and nurse can 
concentrate on the handover. In general this will be af- 
ter essential monitoring, such as pulse oximetry and 
blood pressure, has been reapplied and checked. The 
anaesthetist should not leave the patient until he or she 
is satisfied that there are no immediate problems, par- 
ticularly with regard to the airway, and respiratory and 
cardiovascular systems. 

A record should be made of pulse rate, arterial pres- 
sure and arterial oxygen saturation, respiratory rate, 
level of consciousness, pain score, sensory level (if 
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TABLE 40.1 


Drugs Which Should be Available in the Recovery Room 


Adenosine Digoxin soprenaline (isoproterenol) Pethidine 
Alfentanil Dobutamine etamine Phentolamine 
Aminophylline Dopamine etorolac Phenytoin 
Antibiotics Doxapram Labetalol Phytomenadione 
Aprotinin Edrophonium Lidocaine Potassium chloride 
Aspirin Ephedrine Metaraminol Procainamide 
Atracurium Adrenaline Methoxamine Prochlorperazine 
Atropine Fentanyl Methylprednisolone Propranolol 
Bupivacaine Flumazenil Metoclopramide Protamine 
Calcium chloride Furosemide Midazolam Ranitidine 
Calcium gluconate Glucose Morphine Salbutamol 
Calcium heparin Glyceryl trinitrate Naloxone Sodium citrate 


Chlorphenamine 
(chlorpheniramine) 


Glycopyrronium 


Neostigmine 


Sodium nitroprusside 


Co-proxamol 


Hyaluronidase 


Nifedipine 


Succinylcholine 


Cyclizine Hydralazine Noradrenaline Tranexamic acid 
Dexamethasone Hydrocortisone Ondansetron Verapamil 
Diazepam Hyoscine Papaverine 

Diclofenac Insulin Paracetamol 


regional anaesthesia has been used), and any other rel- 
evant information (such as complications, and drug and 
fluid administration) obtained while the patient is in the 
recovery area. In most units, recordings of physiological 
measurements are made every 5min until conscious- 
ness has returned and then at intervals of 10-15 min. 

The patient should not be discharged to the surgical 
ward until the following criteria have been met. 


m Consciousness has returned fully, a patent airway 
can be maintained and protective reflexes are 
present. 

m Ventilation and oxygenation are satisfactory. 

m The cardiovascular system is stable with no unex- 
plained cardiac irregularity or persistent bleeding. 
Consecutive measurements of pulse rate and arte- 
rial pressure should approximate to the patient’s 
normal preoperative values or be at an acceptable 
level commensurate with the planned postopera- 
tive care. Peripheral perfusion should be adequate. 


m Pain and nausea are controlled. 
= Temperature is within acceptable limits. 


High-risk patients or those who have undergone 
major surgery may stay in the recovery ward for up 
to 24h. If this is not feasible, or if instability persists 
for longer than 24h, the patient should be transferred 
to a high-dependency or intensive care unit. The level 
of monitoring and care during transfer should be the 
same as that in the recovery room. 

Although the recovery room nurse undertakes the 
direct care of the patient, the responsibility for the 
patient remains with the anaesthetist. Patients must 
only be discharged to the ward with the anaesthetist’s 
consent. 

The remainder of this chapter is devoted to the di- 
agnosis and management of common problems which 
occur in the postoperative period. Some of these oc- 
cur most frequently in the immediate recovery period, 
while others may occur at any time during the patient’s 


convalescence from surgery. Some surgical procedures 
are associated with specific complications. 


CENTRAL NERVOUS SYSTEM 


Conscious Level 


Many patients are unconscious on arrival in the recov- 
ery ward because of residual effects of anaesthetic drugs. 
The duration of impaired consciousness depends on: 


m The drugs used. Recovery of consciousness may 
be delayed if the following agents have been used: 
= volatile anaesthetics with a high blood/gas 
solubility coefficient 

= barbiturates, particularly if large total doses 
have been given 

= benzodiazepines 

= opioids with a long duration of action, includ- 
ing large doses of fentanyl. 

= The timing of drug use. Delayed recovery may oc- 
cur if a long-acting i.v. anaesthetic or analgesic 
drug has been given towards the end of the pro- 
cedure, or if the more soluble volatile agents have 
been continued until the end of surgery. 

m Pain. The presence of pain speeds recovery of 
consciousness. Recovery may be delayed after 
minor procedures or if potent analgesia has been 
provided by administration of opioids or by re- 
gional anaesthesia. 


Undue prolongation of unconsciousness should 
not be attributed to these factors alone. Other causes 
should be considered, as their early recognition may 
prevent serious sequelae. These are: 


m hypoxaemia — in the presence of an adequate cir- 
culation, coma occurs only if profound hypoxae- 
mia is present; agitation is a more common sign 
of hypoxia 

m hypercapnia — unconsciousness may occur if 
arterial carbon dioxide tension (PaCO,) exceeds 
9-10kPa 

= hypotension 

= hypothermia. 


Hypoglycaemia 
This occurs most commonly in diabetic patients 
treated with oral hypoglycaemic agents or insulin 
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and an inadequate intake of glucose. The periopera- 
tive management of the diabetic patient is discussed 
in Chapter 18. 


Hyperglycaemia 

Hyperglycaemia in known diabetics may occur as a re- 
sult of inadequate provision of insulin or injudicious 
infusion of glucose. However, coma is unusual in acute 
hyperglycaemia. Undiagnosed diabetics with hyper- 
glycaemia and ketosis may present for surgery because 
of abdominal pain, and prolonged postoperative coma 
may occur unless the metabolic defect is diagnosed 
and treated. 


Cerebral Pathology 


Consciousness may be impaired by functional or 
structural cerebral damage. Possible causes include: 


m episodes of cerebral ischaemia (e.g. carotid ar- 
tery surgery, profound hypotension) or cerebral 
hypoxia during anaesthesia 

m intracranial haemorrhage, thrombosis or 
infarction — these may occur coincidentally 
or may have been associated with intraoperative 
hypertension, hypotension or arrhythmias 

m pre-existing cerebral lesions, e.g. tumour, trauma — 
anaesthetic techniques which increase intracra- 
nial pressure are likely to impair cerebral function 

m epilepsy — convulsions may have been masked by 
anaesthesia or neuromuscular blocking drugs 

m air embolism 

m intracranial spread of local anaesthetic solu- 
tion after subarachnoid injection — introduction 
into the subarachnoid space may be accidental, 
e.g. during epidural block or, rarely, interscalene 
brachial plexus block; unconsciousness is almost 
always accompanied by apnoea. 


Other Causes 


= Hypo-osmolar or TURP syndrome. This results 
most commonly from absorption of water from 
the bladder during transurethral resection of 
the prostate (TURP). The investigation and 
management of this condition are described on 
page 570. 

= Hypothyroidism. 

= Hepatic or renal failure. 
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Confusion and Agitation 


These occur occasionally during emergence from an 
otherwise uncomplicated anaesthetic. 

Various drugs are associated with postoperative 
confusion, including: 


m opioids 
= benzodiazepines 
m anticholinergics including atropine and cyclizine. 


Atropine crosses the blood-brain barrier and may 
result in the central anticholinergic syndrome, char- 
acterized by restlessness and confusion, together with 
obvious antimuscarinic effects. Glycopyrronium does 
not cross the blood-brain barrier and is preferable 
to atropine for antagonism of the muscarinic effects 
of neostigmine in elderly patients; in addition to its 
lack of central effects, it produces less tachycardia and 
antagonizes the effects of neostigmine for a longer 
period. 

All the factors listed above as causes of prolonged 
coma may also result in confusion and agitation. Pain 
may also contribute, although it is seldom responsible 
alone. Emergence delirium is associated particularly 
with the use of ketamine and may occur after the ad- 
ministration of etomidate. Septicaemia may result 
in confusion, as may distension of the stomach or 
bladder. 

A lightly sedated, conscious patient with inad- 
equate antagonism of neuromuscular blocking drugs 
may appear to the inexperienced observer to be agi- 
tated and confused. Movements are uncoordinated. 


The condition is distressing to the patient and is an 
indication of a poor anaesthetic technique. It should 
never be allowed to develop. 


Pain 
This subject is discussed fully in Chapter 41. The ef- 


fects of pain should be differentiated from those of hy- 
percapnia and hypovolaemia (Table 40.2). 


RESPIRATORY SYSTEM 


Hypoventilation 


Common causes of hypoventilation in the imme- 
diate postoperative period are listed in Table 40.3. 
Hypoventilation results in an increase in PaCO, 
(Fig. 40.2) and a decrease in alveolar oxygen tension 
(PaO,), and thus hypoxaemia, which may be cor- 
rected by increasing the inspired concentration of oxy- 
gen. The risk factors for developing hypoventilation 
include: 


old age 

obesity 

prolonged surgical operations 
opioids 

upper abdominal or thoracic surgery. 


Airway Obstruction 


Airway obstruction caused by the tongue, by indrawing 
of the pharyngeal muscles or by blood or secretions in 
the pharynx may be ameliorated by placing the patient 


TABLE 40.2 


Common Problems in the Recovery Room: Symptoms and Signs 


Pain Hypercapnia 


Conscious level May be restless 
May be quiescent 


if severe pain 


Comatose 


Hypovolaemia 


Restless or quiescent depending 
on extent of analgesia and 
residual anaesthesia 


Periphery Vasoconstriction, Warm, flushed with bounding Vasoconstriction, 
pallor + sweating pulse (if normovolaemic) pallor + sweating 

Heart rate Tachycardia Tachycardia Tachycardia 

Arterial pressure Systolic Î Systolic T Systolic and diastolic may be 
Diastolic Î Diastolic t | normal until marked reduction 


Pulse pressure normal 


Pulse pressure fî 


in stroke volume, then | 
Pulse pressure | 
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TABLE 40.3 


Causes of Postoperative Hypoventilation 


Factors Affecting Airway 


Factors Affecting Ventilatory Drive 


Peripheral Factors 


Upper airway obstruction Respiratory depressant drugs 


Muscle weakness 
Residual neuromuscular block 
Preoperative neuromuscular disease 
Electrolyte abnormalities 


Abdominal distension 


Tongue Preoperative CNS pathology 

Laryngospasm Intra- or postoperative cerebrovascular accident 

Oedema Hypothermia 

Foreign body Recent hyperventilation (PaCO, low) Pain 
Tumour 

Bronchospasm 


CNS, central nervous system; PaCO,, arterial carbon dioxide tension. 
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FIGURE 40.2 ™ Gas exchange during hypoventilation. Note 
the relatively rapid increase in alveolar partial pressure of car- 


bon dioxide (PCO,) compared with the slow decrease in arte- 
rial oxygen saturation. PO,, partial pressure of oxygen. 


in the lateral or recovery position (see Fig. 21.7). This 
position should be used for all unconscious patients 
who have undergone oral or ear, nose and throat sur- 
gery, and for patients at risk of gastric aspiration. 
Partial obstruction of the airway is characterized 
by noisy ventilation. As the obstruction increases, tra- 
cheal tug and indrawing of the supraclavicular area 
occur during inspiration. Total obstruction is signalled 


Obesity 
Tight dressings 
Pneumo-/haemothorax 


by absent sounds of breathing and paradoxical move- 
ment of the chest wall and abdomen. 

In many patients, a clear airway is maintained only 
by displacing the mandible anteriorly and extend- 
ing the head. In some, it is necessary also to insert an 
oropharyngeal airway, although this may stimulate 
coughing, gagging and laryngospasm during recovery 
of consciousness. A nasopharyngeal airway is often 
tolerated better, but there is a risk of causing haemor- 
rhage from the nasopharyngeal mucosa. Occasionally, 
insertion of a laryngeal mask airway is necessary to 
maintain the airway until consciousness has returned 
fully; very occasionally, tracheal intubation is required. 

Blood, oral secretions or regurgitated gastric fluid 
which have accumulated in the pharynx should be as- 
pirated and the patient placed in the recovery position 
to allow any further fluid to drain anteriorly. 

Foreign bodies, such as dentures (particularly 
partial dentures) or throat packs, may cause airway 
obstruction. It may be difficult to maintain a patent 
airway in an unconscious patient with an oral, pharyn- 
geal or laryngeal tumour. 

Obstruction of the upper airway occurs intermit- 
tently after recovery from anaesthesia. Obstructive 
sleep apnoea is common in the postoperative period 
and may result in decreases of arterial oxyhaemoglo- 
bin saturation (SaO,) to less than 75%. Episodes occur 
with the greatest frequency in the first 4h after anaes- 
thesia and are more common and severe in patients 
who receive opioids for postoperative analgesia than 
in those in whom analgesia is provided by a regional 
technique. However, the use of regional techniques 
does not reduce the risk to zero. 
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Airway obstruction may result from haemorrhage 
after surgery to the neck, including thyroid, carotid 
and spinal surgery; the wound should be opened ur- 
gently and the haematoma drained. This may not re- 
lieve the obstruction if venous engorgement or tissue 
oedema are marked. Occasionally, tracheal collapse 
occurs after thyroidectomy in patients who have de- 
veloped chondromalacia of the cartilaginous rings 
of the trachea caused by pressure from a large goitre. 
Inspiratory stridor may be present or there may be to- 
tal obstruction during inspiration; the trachea must be 
reintubated immediately. 


Laryngeal Spasm 


This complication is relatively common after general 
anaesthesia. In particular, children undergoing oro- 
pharyngeal surgery are more at risk. It may be partial 
or complete and is caused usually by direct stimulation 
of the cords by secretions or blood, or of the epiglottis 
by an oropharyngeal airway or laryngeal mask. It may 
follow extubation of the trachea in the semiconscious 
patient. It may be difficult to differentiate this condi- 
tion from airway obstruction caused by the pharyngeal 
wall; if airway obstruction persists despite implemen- 
tation of the measures described above, laryngoscopy 
should be undertaken. 

Any obvious foreign material causing laryngo- 
spasm should be removed by aspiration, and oxygen 
100% administered. If obstruction is complete, posi- 
tive-pressure ventilation by mask may force some oxy- 
gen through the cords to maintain arterial oxygenation 
until the spasm has subsided; there is a significant risk 
of inflating the stomach with oxygen during this pro- 
cedure. If attempts to oxygenate the lungs fail, a small 
dose of succinylcholine should be administered, and 
the lungs ventilated with oxygen when the spasm is 
relieved. When satisfactory oxygenation has been 
achieved, it may be advisable to intubate the trachea 
to reduce the risk of regurgitation of gastric contents, 
as the stomach may have been inflated with oxygen. 
Appropriate methods to avoid awareness should be in- 
stituted. When the effects of succinylcholine have ter- 
minated, oxygen 100% is administered and the trachea 
is extubated when the patient regains consciousness. 

Rarely, laryngeal obstruction occurs after thyroid 
surgery if both recurrent laryngeal nerves have been 
traumatized. 


Laryngeal Oedema 


This occurs occasionally after tracheal intubation and 
may result in severe obstruction, particularly in a child. 
Treatment depends on the severity of the obstruction; 
immediate reintubation may be required if obstruc- 
tion is complete, but partial obstruction may subside 
if the patient is treated with heated humidified gases. 
Dexamethasone may hasten resolution of the oedema. 


Bronchospasm 


This may result from stimulation of the airway by in- 
haled material. It is commoner in asthmatic or bron- 
chitic patients and in smokers. It may result directly 
from intrinsic asthma or may be part of an anaphylac- 
tic reaction. Several drugs used in anaesthetic practice 
may precipitate bronchospasm either by a direct effect 
on bronchial muscle or by releasing histamine; these 
include barbiturates, morphine, mivacurium and atra- 
curium. Treatment comprises the removal of any pre- 
disposing factor and the administration of oxygen and 
bronchodilators. 


Ventilatory Drive 


There are several possible causes of reduced venti- 
latory drive during recovery from anaesthesia (see 
Table 40.3). The presence of intracranial pathology, 
e.g. tumour, trauma or haemorrhage, may affect ven- 
tilatory drive in the postoperative period. Ventilation 
is reduced in the presence of hypothermia, although 
it is usually appropriate for the metabolic needs of the 
body. Hypoventilation occurs in the hypocapnic pa- 
tient, e.g. after a period of hyperventilation until PaCO, 
is restored to normal, and in the presence of primary 
metabolic alkalosis. 

The most important cause of reduced ventilatory 
drive during recovery is the effect of drugs adminis- 
tered by the anaesthetist in the perioperative period. 
All the volatile and i.v. anaesthetic agents — with the 
exception of ketamine — depress the respiratory centre; 
significant concentrations of these drugs remain in the 
brainstem during the early postoperative period. 

All opioid analgesics depress ventilation. With most 
opioids, the effect is dose-dependent, although the 
agonist-antagonist agents are claimed to have a ceil- 
ing effect. In the majority of patients, opioids do not 
produce apnoea, but result in decreased ventilatory 
drive and an increase in PaCO,, which plateaus at an 


elevated value. The elderly are particularly sensitive to 
drug-induced ventilatory depression. The treatment of 
postoperative pain begins in the recovery area, often by 
administration of i.v. opioids by the medical or nurs- 
ing staff, and ventilation must be monitored carefully 
after each dose. 

Spinal (intrathecal or epidural) opioids, particu- 
larly lipid-insoluble agents such as morphine, may 
produce ventilatory depression some hours after ad- 
ministration. Patients who have received subarachnoid 
or epidural opioids should be cared for in areas where 
protocols and training programmes for surgical ward 
nurses have been implemented. 

Reduced ventilatory drive is easy to diagnose if 
the ventilatory rate or tidal volume is clearly reduced. 
However, lesser degrees of hypoventilation may be dif- 
ficult to detect, and the signs of moderate hypercapnia, 
e.g. hypertension and tachycardia, may be masked by 
the residual effects of anaesthetic agents, or misdiag- 
nosed as pain-induced (see Table 40.2). 

Mild hypoventilation is acceptable provided that 
oxygenation remains adequate; this may easily be 
achieved by a modest increase in the inspired frac- 
tional concentration of oxygen (FiO,; see below). If 
ventilatory drive is reduced excessively by opioids, re- 
sulting in an increasing PaCO, or delayed recovery of 
consciousness, naloxone in increments of 1.5-3 pg kg™ 
should be administered every 2-3 min until improve- 
ment occurs. Administration of excessive doses of nal- 
oxone reverses the analgesia induced by systemic (but 
not to the same extent by spinal) opioids; large doses 
may cause severe hypertension and have been associ- 
ated with cardiac arrest on rare occasions. The effects 
of i.v. naloxone last only for 20-30 min; in order to 
prevent recurrence of reduced ventilation after long- 
acting opioids, an additional dose (50% of the effective 
iv. dose) may be administered intramuscularly or an 
i.v. infusion commenced. 


Peripheral Factors 


The commonest peripheral factor associated with 
hypoventilation is residual neuromuscular block- 
ade. This may be exaggerated by disease of the neu- 
romuscular junction, e.g. myasthenia gravis, or by 
electrolyte disturbances. Inadequate reversal of neu- 
romuscular blockade is usually associated with un- 
coordinated, jerky movements, although these may 
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TABLE 40.4 


Clinical Assessment of the Adequacy of 
Antagonism of Neuromuscular Block 


Subjective 
Grip strength 
Adequate cough 


Objective 
Ability to sustain head lift for at least Ss 
Ability to produce vital capacity of at least 10 mLkg"' 


occur occasionally during recovery of consciousness 
in patients with normal neuromuscular function. 
Measurement of tidal volume is not a reliable guide 
to adequacy of reversal of neuromuscular blockade; 
a normal tidal volume may be achieved with only 
20% return of diaphragmatic power, but the abil- 
ity to cough remains severely impaired. Traditional 
clinical signs of adequacy of reversal of neuromus- 
cular blockade (such as if the patient is able to lift 
the head from the trolley for 5s or maintain a good 
hand grip) correlate poorly with objective signs 
of neuromuscular function. Some more objective 
means of assessment are listed in Table 40.4, but 
these require the cooperation of the patient. In the 
unconscious or uncooperative patient, nerve stim- 
ulation (see Ch 6) provides the best means of as- 
sessing neuromuscular function, although there are 
differences among the non-depolarizing relaxants 
in the relationship between their actions in the fore- 
arm and diaphragm. 

If residual non-depolarizing blockade is con- 
firmed, further doses of neostigmine may be admin- 
istered (with glycopyrronium) up to a total of 5mg; 
in higher doses, neostigmine can worsen neuromuscu- 
lar function. Patients who have received rocuronium 
or vecuronium can be given sugammadex (2mgkg"! 
if there are signs of reversal of neuromuscular block- 
ade; or 4mgkg" if there are no twitches present using 
train-of-four stimulation). If the block persists, artifi- 
cial ventilation must be maintained while the cause is 
sought. 

Factors responsible most commonly for difficulty 
in antagonism of neuromuscular block include 
overdosage with muscle relaxant, too short an interval 
between administration of the drug and the antago- 
nist, hypokalaemia, respiratory or metabolic acidosis, 
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administration of aminoglycoside antibiotics, local 
anaesthetic agents, diseases affecting neuromuscular 
transmission and muscle disease. 

Delayed elimination of all of the non-depolarizing 
muscle relaxants (except atracurium and cisatracu- 
rium) has been reported, and causes prolonged neu- 
romuscular block. Delayed elimination occurs most 
frequently in the presence of renal or hepatic insuf- 
ficiency, or in dehydrated patients with low urine 
output. Muscle paralysis may recur 30-60 min after 
administration of neostigmine if elimination of the 
relaxant is inadequate, even if antagonism appears to 
be satisfactory initially. A similar phenomenon may 
occur if acidosis develops, or when patients who have 
been hypothermic are rewarmed. 

Prolonged neuromuscular block after succinylcho- 
line or mivacurium occurs in the presence of atypical 
plasma cholinesterase or a low concentration of normal 
plasma cholinesterase. Paralysis after succinylcholine 
may persist for up to 8h, although in most instances re- 
covery occurs within 20-120 min. Neostigmine should 
not be administered if prolonged neuromuscular block 
occurs after administration of succinylcholine. 

Artificial ventilation of the lungs must be main- 
tained or resumed in any patient who has inadequate 
neuromuscular function. Anaesthesia should be pro- 
vided to prevent awareness. 

Hypoventilation may be caused also by restriction 
of diaphragmatic movement resulting from abdomi- 
nal distension, obesity, tight dressings or abdominal 
binders. Pain, particularly from thoracic or upper ab- 
dominal wounds, may cause reduced ventilation. 

The presence of air or fluid in the pleural cavity 
may result in hypoventilation. Pneumothorax may 
occur during intermittent positive-pressure venti- 
lation (IPPV). It is an occasional complication in 
healthy patients, but is a particular risk in those with 
chronic obstructive airways disease, especially if bul- 
lae are present, and after chest trauma. It may com- 
plicate brachial plexus nerve block, central venous 
cannulation or surgery involving the kidney or neck. 
Haemothorax may result from chest trauma or cen- 
tral venous cannulation. Hydrothorax may be caused 
by pleural effusions or inadvertent infusion of fluids 
through a misplaced central venous catheter. These 
rapidly remediable causes of hypoventilation are often 
overlooked. 


TABLE 40.5 


Functional Classification of the Causes of 
Hypoxaemia in the Postoperative Period 


Reduced inspired oxygen concentration 


Ventilation-perfusion abnormalities 


Shunting 


Hypoventilation 


Diffusion deficits 


Diffusion hypoxia after nitrous oxide anaesthesia 


Treatment 


This consists primarily of treatment of the cause. Mild 
or moderate hypoventilation resulting from residual 
effects of anaesthetic drugs may respond to a bolus 
dose or infusion of doxapram. Artificial ventilation 
should be started if severe hypercapnia is present or 
PaCO, continues to increase, or if the clinical condi- 
tion of the patient is deteriorating. 


Hypoxaemia 


A functional classification of causes of hypoxaemia in 
the early recovery period is shown in Table 40.5. An 
inspired oxygen concentration of less than 21% should 
never occur, although PaO, is decreased when air is 
breathed at high altitudes. 


Ventilation—Perfusion Abnormalities 


These are the commonest cause of hypoxaemia in the 
recovery room. Cardiac output and pulmonary arte- 
rial pressure may be reduced after general or regional 
anaesthesia, causing impaired perfusion of some ar- 
eas of the lungs. Functional residual capacity (FRC) 
is reduced during and immediately after anaesthesia. 
Patients who are elderly, obese or those undergoing 
thoracic or upper abdominal surgery are particularly 
at risk. The closing capacity may encroach on the tidal 
breathing range, resulting in reduced ventilation of 
some lung units, particularly those in dependent al- 
veoli. Thus, the scatter of ventilation/perfusion (V/Q) 
ratios is increased. Areas of lung with increased ratios 
constitute physiological dead space. Areas of lung with 
low V/Q ratios increase venous admixture which re- 
sults in hypoxaemia unless the inspired oxygen con- 
centration is increased. 


Shunt 


Physiological shunt may be increased in the immedi- 
ate postoperative period if small airways closure has 
been extreme. Shunting may be present also in patients 
with pulmonary oedema of any aetiology, or if there is 
consolidation in the lung. Shunt may be increased in 
the later postoperative period as a result of retention 
of secretions and underventilation of the lung bases 
because of pain; these changes lead to alveolar consoli- 
dation and collapse. 


Hypoventilation 


This has been discussed in detail above. Moderate hy- 
poventilation, with some elevation of PaCO,, leads to a 
modest reduction in PaO, (Fig. 40.2). Obstructive sleep 
apnoea may produce profound transient but repeated 
decreases in arterial oxygenation. SaO, may decrease 
to less than 75%, corresponding to a PaO, of less than 
5kPa (40 mmHg). These repeated episodes of hypox- 
aemia cause temporary, and possibly permanent, de- 
fects in cognitive function in elderly patients and may 
contribute to perioperative myocardial infarction. 
Obstructive sleep apnoea is exacerbated by opioid an- 
algesics, and patients who are known to suffer from 
this condition should be monitored carefully in the 
postoperative period, preferably in a high-dependency 
unit. Patients who normally use a continuous positive 
airways pressure (CPAP) mask to reduce obstructive 
sleep apnoeic episodes should use the mask at night 
throughout the postoperative period. 


Diffusion Defects 


Interstitial oedema produced by overtransfusion of 
fluids or by left ventricular dysfunction may cause hy- 
poxaemia by impairment of oxygen transfer across the 
alveolar—capillary membrane. 


Diffusion Hypoxia 

Nitrous oxide is 40 times more soluble than nitrogen in 
blood. When administration of nitrous oxide is discon- 
tinued at the end of anaesthesia, nitrous oxide diffuses 
out of blood into the alveoli in larger volumes than ni- 
trogen diffuses in the opposite direction. Consequently, 
the alveolar concentrations of other gases are diluted. 
PaO, is reduced and arterial oxygenation impaired if 
the patient breathes air; PaCO, decreases as a result of 
effective alveolar hyperventilation. SaO, is reduced to 
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values as low as 90% for several minutes in normal in- 
dividuals after breathing 50% nitrous oxide in oxygen. 
Arterial desaturation is greater in elderly patients, if 
higher concentrations of nitrous oxide have been used, 
or if PaCO, is initially low because of hyperventilation 
during anaesthesia. 

Diffusion hypoxia is avoided by the administration 
of oxygen for 10min after discontinuation of nitrous 
oxide anaesthesia. 


Reduced Venous Oxygen Content 


Assuming that oxygen consumption remains un- 
changed, anaemia or reduced cardiac output result in 
increased oxygen extraction from circulating arterial 
blood, and consequently in a reduction in mixed ve- 
nous oxygen content. In the presence of increased V/Q 
scatter or intrapulmonary shunt, this causes a variable 
degree of arterial hypoxaemia. Similarly, if cardiac 
output remains constant, increased oxygen utilization 
by the tissues (as may occur during shivering, restless- 
ness or malignant hyperthermia) causes a reduction in 
mixed venous oxygen content and a worsening of arte- 
rial hypoxaemia if any shunt is present. 


Tissue Hypoxia 


Oxygenation of the tissues is a function of arterial oxy- 
genation, oxygen carriage in blood, delivery of blood 
to the tissues and transfer of oxygen from the blood. It 
may be impaired by respiratory or cardiovascular dys- 
function, by severe anaemia or by a leftward shift of 
the oxyhaemoglobin dissociation curve (reduced P.,). 


Pulmonary Changes after Abdominal 

Surgery 

Patients with previously normal lungs suffer impair- 
ment of oxygenation for at least 48h after abdominal 
surgery. The extent of this impairment is related to 
the site of operation. It is less marked after lower ab- 
dominal surgery, more severe if there has been a large 
incision in the upper abdomen and worst after thora- 
coabdominal procedures. In these circumstances, the 
differences between pre- and postoperative PaO, may 
be as much as 4kPa. 

Impairment of oxygenation in the postoperative 
period is related to a reduction in FRC. After induc- 
tion of anaesthesia, there is an abrupt decrease in 
FRC. The magnitude of the decrease is similar for 
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anaesthetic techniques in which the patient breathes 
spontaneously and those in which IPPV is employed. 
Postoperatively, this decrease is maintained by wound 
pain, which causes spasm of the expiratory muscles, 
and abdominal distension, which leads to diaphrag- 
matic splinting. This is also influenced by the site of 
surgical incision; the greatest reduction follows tho- 
racic or upper abdominal surgery. The supine position 
also reduces FRC. 

The reduction in FRC may lead to closing capacity 
impinging upon the tidal breathing range. This results 
in small airways closure during normal tidal ventilation. 
Gas trapping occurs in the affected airways and subse- 
quent absorption of air may lead to the development of 
small, discrete areas of atelectasis which are not visible 
on chest X-ray. This occurs mainly in the dependent 
parts of the lung and may be demonstrated by CT scan 
very soon after induction of anaesthesia. The result is an 
increase in the number of areas of low V/Q ratio within 
the lungs. The relationship between changes in FRC and 
PaO, postoperatively is shown in Figure 40.3. 

In most patients, these abnormalities return towards 
normal by the fifth or sixth postoperative day. However, 
if the changes have been marked, the areas of low V/Q 
ratio may become a focus for infection, particularly in 
the presence of retained secretions. The following fac- 
tors contribute to retention of secretions after surgery. 
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m Inability to cough. This results mostly from wound 
pain. However, excessive sedation may also con- 
tribute. Postoperative electrolyte imbalance, es- 
pecially hypokalaemia or hypophosphataemia, 
may compound the situation by interfering with 
muscle function. 

m Suppression of bronchial mucosal ciliary activity. 
This results from the use of unhumidified anaes- 
thetic gases. 

m Antisialagogue drugs. When antisialagogue pre- 
medicants have been used, the secretions be- 
come more viscid. The dry mucosa itself is more 
prone to inflammatory reaction. If this occurs, 
the exudate produced increases the problem still 
further. 

m Infection. If pulmonary infection supervenes, 
impairment of oxygenation may contribute to a 
lack of cooperation in clearing secretions. 


A combination of these factors may result in re- 
tention of secretions, leading to areas of visible pul- 
monary collapse on chest X-ray and an increase in 
the work of breathing. Ultimately, oxygenation of the 
blood may become inadequate despite oxygen therapy, 
or carbon dioxide retention may occur. The sequence 
of events that culminate in ventilatory failure is shown 
in Figure 40.4. 


Minor non-abdominal 
surgery 


Lower abdominal 
surgery 


Upper abdominal 
surgery 


2 3 4 5 
Days post-op 


Immediate post-op 


Changes in functional residual capacity (FRC) and arterial oxygen tension (PaO,) postoperatively. 
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Pain 


V/Q imbalance Inability to cough 
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Work of T F ; 
breathing O, consumption /‘«——— Pyrexia 


Muscle fatigue 


Ventilatory 
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FIGURE 40.4 © Diagrammatic representation of events that result in postoperative ventilatory failure. V, tidal volume; FRC, 
functional residual capacity; CV, closing volume; V/Q, ventilation/perfusion; PaO,, arterial oxygen tension; PaCO,, arterial carbon 
dioxide tension. 


ee Clinical Findings 
Predisposing Factors 

Collapse of Lung Units. In patients who develop 
clinical symptoms, the first signs of atelectasis are 
usually seen within 24h of operation. The triad of 
pyrexia, tachycardia and tachypnoea is often pres- 
ent. Temperature is usually in the range of 38-39 °C. 
There is often a productive cough. If atelectasis is ex- 
tensive, the patient is cyanosed. On physical examina- 
tion, localizing signs are uncommon unless the area 
of involvement is large. Chest X-ray reveals patchy 
areas of atelectasis. 


m Site of surgery. Pulmonary complications oc- 
cur more commonly after upper abdominal or 
thoracic surgery than after lower abdominal 
operations. 

m Pre-existing respiratory disease increases the 
complication rate. This is particularly so in the 
presence of concurrent infection or excessive 
secretions. 

= Smokers have an increased incidence of pulmo- 
nary complications compared with non-smokers. 

m Obesity is associated with a high incidence of 
pulmonary complications. Obese patients have 
a low FRC and increased work of breathing 
postoperatively. 


Pneumonia. Lobar pneumonia is rarely seen postop- 
eratively. Bronchopneumonia is more common, es- 
pecially in the elderly. The onset of symptoms is not 
as rapid as in atelectasis. There is usually fever and 

The anaesthetic technique has little effect on the associated tachycardia, with an increase in the ventila- 
incidence of postoperative pulmonary complications. tory rate. Physical examination usually reveals areas of 
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consolidation, predominantly at the lung bases, which 
are evident on chest X-ray. 


Treatment 


If a pulmonary complication is suspected, a sputum 
sample should be sent to the laboratory for bacterio- 
logical analysis. Appropriate antibiotic therapy may 
then be started. Intensive physiotherapy should be 
prescribed in an attempt to remove secretions and re- 
expand atelectatic areas of the lung. 

Patients with pulmonary collapse are usually hy- 
poxaemic, but PaCO, remains normal or may be low 
as a result of tachypnoea, at least in the early stages. 
Usually, oxygen in moderate concentrations (30-40%) 
is sufficient to correct hypoxaemia, but this should 
be confirmed by blood gas analysis; CPAP given via 
a tightly fitting face mask is effective in re-expanding 
the collapsed alveoli and improving the mechanics 
of breathing. If the patient fails to respond to these 
measures, signs of respiratory distress develop. The 
patient becomes drowsy and ventilation is laboured, 
with rapid shallow breathing involving the accessory 
muscles. PaCO, increases and arterial oxygenation dete- 
riorates despite oxygen therapy. The presence of con- 
tinued deterioration in blood gases is an indication for 
ventilatory support. 


Reducing Pulmonary Complications 
Preoperative 


Measures to reduce pulmonary complications should 
begin preoperatively. Ideally, patients should be free 
from ongoing upper or lower respiratory tract infec- 
tions but this may not always be possible, for instance 
in young children, adults with recurrent infective 
complications (such as COPD or bronchiectasis) or 
patients presenting for urgent or emergency surgery. 

Pre-existing chronic respiratory disorders should 
be treated so that the patient is in optimal condition 
before surgery. Spirometry may be useful to monitor 
the effects of such treatment, but arterial blood gas 
analysis is the only assessment which has been demon- 
strated to correlate well with the need for postoperative 
ventilatory support. Smoking should be discouraged 
and weight loss encouraged where indicated. In pa- 
tients with increased risk factors, heavy premedication 
should be avoided to ensure minimal ventilatory de- 
pression at the end of the procedure. 


Intraoperative 


At induction, care should be taken not to introduce 
infection by contaminated equipment. Anaesthetic 
gases should be humidified. If neuromuscular block- 
ing agents are used, particular care should be taken to 
ensure that antagonism is adequate. 


Postoperative 


Analgesia should be optimal to ensure adequate cough- 
ing and cooperation during physiotherapy, which 
should be started as soon as possible after operation. 
Early mobilization should be encouraged. 


Oxygen Therapy 


Hypoxaemia may occur to some degree in any pa- 
tient during the early recovery period as a result of 
one or more of the mechanisms described above. 
Consequently, all patients should receive additional 
oxygen for the first 10 min after general anaesthesia has 
been discontinued. Oxygen therapy should be contin- 
ued for a longer period in the presence of any of the 
conditions listed in Table 40.6. 

Oxygen therapy is particularly beneficial in treat- 
ing hypoxaemia caused by hypoventilation; PaO, is 
substantially increased by a modest increase in FiO,. 
In contrast, higher concentrations are required in 
the presence of a shunt fraction in excess of 0.1-0.15 
(Fig. 40.5). Known concentrations of oxygen may be 


TABLE 40.6 


Conditions in Which Prolonged Oxygen 
Therapy is Required After Operation 


Hypotension 


Ischaemic heart disease 


Reduced cardiac output 


Anaemia 


Obesity 


Shivering 


Hypothermia 


Hyperthermia 


Pulmonary oedema 


Airway obstruction 


After major surgery 
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FIGURE 40.5 = Response of arterial partial pressure of oxygen 


(PO,) to increased inspired oxygen concentrations in the pres- 
ence of various degrees of shunt. Note that, in the presence of 
shunt, arterial PO, remains well below the normal value when 
100% oxygen is breathed. Nevertheless, useful increases in arte- 
rial oxygenation occur with a shunt of up to 30%. 


administered by a tightly fitting mask supplied with 
metered flows of air and oxygen via either an anaes- 
thetic breathing system or a CPAP system. In small 
children, an oxygen tent or headbox may be used. 
However, oxygen is usually administered by less cum- 
bersome disposable equipment. 


Oxygen Therapy Devices 


The characteristics of oxygen face masks depend pre- 
dominantly on their volume, the flow rate of gas sup- 
plied and the presence of holes in the side of the mask. 
If no gas is supplied, face masks act as increased dead 
space and result in hypercapnia unless minute volume 
is increased; the increase in dead space is proportional 
to the volume of the mask. If the mask contains holes, 
air is entrained readily during inspiration. 

When oxygen is supplied, the inspired oxygen con- 
centration increases, but to an extent which depends 
upon the relationship between the oxygen flow rate 
and the ventilatory pattern. If there is a pause between 
expiration and inspiration, the mask fills with oxygen 
and a high concentration is available at the start of 
inspiration; during inspiration, the inspired oxygen 
is diluted by air drawn in through the holes when the 
inspiratory flow rate exceeds the flow rate of oxygen. 
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During normal tidal ventilation, the peak inspiratory 
flow rate (PIFR) is 20-30 Lmin‘', but is considerably 
higher during deep inspiration or in the hyperventilat- 
ing patient. If there is no expiratory pause, alveolar gas 
may be rebreathed from the mask at the start of inspi- 
ration; this occurs especially when the oxygen flow rate 
is low or when no holes are present in the mask. A pre- 
dictable and constant inspired oxygen concentration 
may be achieved only if the total gas flow to the mask 
exceeds the patient’s peak inspiratory flow rate (PIFR). 


Fixed-Performance Devices. These masks, also termed 
high air flow oxygen enrichment (HAFOE) devices, 
provide a constant and predictable inspired oxygen 
concentration irrespective of the patient’s ventilatory 
pattern. This is achieved by supplying the mask with 
oxygen and air at a high total flow rate. Oxygen is 
passed through a jet which entrains air (Fig. 40.6). The 
mask is designed in such a way that the total flow rate 
of gas to the mask exceeds the expected PIFR of most 
patients who require oxygen therapy. For example, if a 
jet designed to supply 28% oxygen is supplied with an 
oxygen flow rate of 4L min”, approximately 41 Lmin™ 
of air is entrained and a total flow of 45L min“! passes 
to the patient’s face. 

Various types of HAFOE device are available; an 
example is shown in Figure 40.7. Ventimasks are the 
most accurate, but a different mask is required for each 
of the range of oxygen concentrations available. Some 
manufacturers produce masks in which the jet device 
can be changed by the user, so that the oxygen concen- 
tration may be adjusted as appropriate. 


FIGURE 40.6 ® Diagram of high air flow oxygen enrichment 
(HAFOE) mask (see text for details). 
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FIGURE 40.7 
face mask. 


A high air flow oxygen enrichment (HAFOE) 


The air-entraining jets of HAFOE devices provide 
a relatively constant oxygen concentration irrespec- 
tive of the flow rate of oxygen. The recommended 
oxygen flow rates are larger when jets providing a 
high concentration are used (e.g. 8Lmin™ for 40%, 
15 L min” for 60%) so that the total flow rate supplied 
to the mask remains adequate despite the smaller pro- 
portion of air entrained. The total flow rates through 
masks which deliver more than 28% oxygen are be- 
tween 20 and 30Lmin™' when the recommended 
oxygen flow rates are provided; higher flow rates of 
oxygen may be used in patients who are thought to 
have an increased PIFR. 

Because of the high fresh gas flow rate, expired gas 
is rapidly flushed from the mask. Thus, rebreathing 
does not occur, i.e. fixed-performance devices do not 
act as an additional dead space. 


Variable-Performance Devices. All other disposable 
oxygen masks and nasal cannulae provide an oxygen 
concentration which varies with the oxygen flow rate 
and the patient’s ventilatory pattern. Although 
there is no increase in dead space when nasal cannu- 
lae are used, all variable-performance disposable face 
masks add dead space, the magnitude of which de- 
pends on the patient’s pattern of ventilation. Table 40.7 
gives an indication of the range of oxygen concen- 
trations achieved with a number of commonly used 
variable-performance devices; an example is shown in 
Figure 40.8. 


TABLE 40.7 


Oxygen Masks, Flow Rates and Approximate 
Oxygen Concentration Delivered 


Oxygen flow 
(Lmin) 


Oxygen concen- 


Type of mask tration (%) 


Edinburgh 24-29 
29-36 


33-39 


ARN A= 


25-29 
29-35 
32-39 


Nasal cannulae 


24-38 
35-45 
51-61 
57-67 
61-73 


Hudson 


= 
COAaNAAKRN COMO NAKRN ARN 


MC 28-50 
41-70 
53-74 
60-77 


67-81 


1 


FIGURE 40.8 ® A variable-performance oxygen face mask. 


Oxygen Therapy in the Recovery Ward 


The large majority of patients recovering after anaes- 
thesia require only a modest increase in FiO, to over- 
come the combined effects of mild hypoventilation, 
diffusion hypoxia and some degree of increased V/Q 
scatter. Usually, an inspired concentration of 30% is 
adequate and this may be achieved in most instances 
by supplying an oxygen flow rate of 4Lmin™ to any 
of the variable-performance devices (see Table 40.7). 


However, in a small proportion of patients, it is neces- 
sary to control the FiO, more strictly. 


Controlled Oxygen Therapy. This is required in two 
categories of patient: 


= Some patients with chronic bronchitis develop 
chronic hypercapnia, and ventilatory drive is 
produced largely by hypoxaemia. If PaO, in- 
creases above the level which stimulates breath- 
ing, ventilatory depression may occur. However, 
these patients may become dangerously hypox- 
aemic after anaesthesia, and oxygen therapy is 
required so that adequate oxygenation of the tis- 
sues is maintained. The aim of oxygen therapy 
in these circumstances is to increase arterial 
oxygen content without an excessive increase in 
PaO,. This is achieved by a modest increase in 
FiO,. In the hypoxaemic patient, the relationship 
between arterial oxygen tension and saturation 
(and therefore oxygen content) is represented 
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by the steep portion of the oxyhaemoglobin 
dissociation curve, and a small increase in oxygen 
tension results in significant increases in satura- 
tion and oxygen content (Fig. 40.9). The use of a 
variable-performance device in these patients is 
unsatisfactory, as an unacceptably high FiO, may 
be delivered. A fixed-performance device deliver- 
ing 24% oxygen should be used initially, and the 
response assessed. If the patient remains clinically 
well, and the PaCO, does not increase by more than 
1-1.5 kPa, 28% oxygen — and subsequently higher 
concentrations — may be administered if further 
increases in PaO, are desirable. The aim is not to 
achieve ‘normal’ PaO, or SaO, but to provide 
acceptable oxygenation for that patient. Patients 
whose normal SaO, is in the low 90s do not need 
postoperative SaO, in the high 90s. Most patients 
with chronicbronchitis do not dependonhypoxae- 
mia for respiratory drive and should not be denied 
adequate inspired concentrations of oxygen. 


mmHg 


% Saturation 


Pao, (kPa) 


FIGURE 40.9 © Effect of controlled oxygen therapy on oxygen saturation in a hypoxaemic chronic bronchitic patient. A small 
increase in inspired oxygen concentration produces a modest increase in arterial oxygen tension (PaO,) but a substantial increase 


in arterial oxygen saturation. 
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m Patients with increased shunt, e.g. those with 
acute respiratory distress syndrome (ARDS), 
pulmonary oedema or pulmonary consolidation, 
may require a high inspired oxygen concentra- 
tion (see Fig. 40.5), which cannot be guaranteed 
if a variable-performance device is used. In ad- 
dition, serial blood gas analysis is normally used 
to assess improvement or deterioration in their 
condition. Changes in PaO, and the degree of 
shunt may be interpreted accurately only if the 
FiO, is known. Thus, controlled oxygen therapy 
should be employed, using a fixed-performance 
device which delivers 40% oxygen or more. 


CARDIOVASCULAR SYSTEM 


Hypotension 
Residual Effects of Anaesthetic Drugs 


Hypotension may result from the residual vasodila- 
tor effect of i.v. or inhalational anaesthetic drugs, par- 
ticularly in patients who are experiencing little pain. 
Subarachnoid or epidural nerve block may also cause 
hypotension which persists into the postoperative pe- 
riod. Heart rate is seldom elevated, and the peripheries 
are warm if anaesthetic drugs or regional anaesthesia 
are the cause of hypotension. Up to 20% decrease in the 
mean arterial pressure is tolerated well except by the el- 
derly or patients with myocardial disease. No treatment 
is required in most patients. Elevation of the legs often 
increases arterial pressure by increasing venous return. 
Intravenous infusion of 7-10 mLkg" of colloid solution 
is usually effective in restoring normotension if there is 
concern; infusion should be undertaken cautiously in el- 
derly patients and in those with cardiovascular disease. 

Other causes of hypotension in the recovery period 
are more sinister and must be excluded before it may 
be assumed that residual anaesthesia is responsible. 


Hypovolaemia 


This may result from inadequate or inappropriate re- 
placement of preoperative or intraoperative fluid and 
blood losses, or from postoperative haemorrhage. 
Surgical bleeding may be obvious from inspection of 
wounds and drains, but may be concealed, particularly 
in the abdomen, retroperitoneal space or thorax, even 
when drains are present. 


Inadequate surgical haemostasis is the usual cause 
of postoperative bleeding, but coagulation disorders 
may be present in the following circumstances: 


m after massive blood transfusion, which results in 
decreased concentrations of clotting factors and 
reduced platelet numbers 

m pre-existing bleeding tendency, e.g. haemophilia 

m disseminated intravascular coagulation pro- 
duced by sepsis, amniotic fluid embolism, etc. 

= if anticoagulant drugs have been administered. 


A coagulation disorder is frequently associated 
with prolonged bleeding after venepuncture, oozing 
from the wound and the development of petechiae or 
bruises. The investigation and management of coagu- 
lation disorders are discussed in Chapter 13. 

Hypotension caused by hypovolaemia may be 
accompanied by signs of poor peripheral perfu- 
sion, e.g. cold, clammy extremities and pallor. 
Tachycardia may be present but is masked, not infre- 
quently, by the effects of drugs (e.g. anticholinester- 
ases, B-blockers). Central venous pressure is a poor 
guide to volaemic status. Urine output is reduced 
(<30mLh‘"). The effects of hypovolaemia on arte- 
rial pressure are more pronounced in the presence 
of vasodilatation or reduced myocardial contrac- 
tility resulting from the effects of residual anaes- 
thetic drugs, or antihypertensive, calcium channel 
or B-blocker therapy. In patients who have under- 
gone prolonged surgery, and particularly if the core 
temperature is below normal, vasoconstriction may 
be profound and hypovolaemia may be unmasked 
at a relatively late stage, as normal vasomotor tone 
returns with rewarming. 

Treatment comprises elevation of the legs and 
administration of appropriate crystalloid or colloid 
solutions; in elderly or high-risk patients, or if 
hypovolaemia is profound, administration of fluids 
should be monitored with the assistance of invasive 
arterial blood pressure and often some form of car- 
diac output monitoring. Red cells, clotting factors 
or platelets should be administered if appropriate, 
and surgical bleeding treated by re-operation if 
necessary. 


Arrhythmias 


These are discussed below. 


Ventricular Failure 


Left or right ventricular failure may cause hypoten- 
sion. Right ventricular failure is uncommon in the 
postoperative period and is secondary usually to acute 
pulmonary disease, e.g. ARDS. 

Left ventricular failure in the postoperative pe- 
riod is associated most commonly with perioperative 
myocardial infarction or ischaemia, or sometimes 
with fluid overload. The peripheral circulation is 
poor. Usually, tachycardia is present and there is 
clinical and radiological evidence of pulmonary 
oedema. Jugular venous pulse and CVP are usually 
elevated, but they may remain normal despite a sub- 
stantial increase in left atrial pressure, particularly if 
right ventricular hypertrophy is present. Thus, left 
ventricular failure may be misdiagnosed as hypovo- 
laemia in some patients, and in some instances the 
two conditions coexist. If there is doubt about the 
diagnosis, a small intravenous fluid bolus may be ad- 
ministered (no more than 200 mL) and the response 
of arterial pressure and CVP monitored; if the diag- 
nosis remains uncertain, more involved testing may 
include echocardiography or rarely the insertion of a 
pulmonary artery catheter. 

Treatment comprises administration of oxygen, 
fluid restriction, diuretics and, if necessary, inotropic 
support or vasodilator therapy. ECG, arterial pres- 
sure and CVP should be monitored. The possibility of 
myocardial infarction should be investigated. 


Sepsis with Shock 


In this condition, hypotension is accompanied by 
elevated cardiac output and peripheral vasodilata- 
tion in the early stages, followed by vasoconstric- 
tion and reduced cardiac output caused partly by 
loss of fluid from the circulation. Treatment should 
be according to local guidelines (‘Sepsis Bundles’) 
and includes infusion of appropriate volumes of 
colloid solutions, early antibiotic therapy, surgical 
treatment of the source if necessary, monitoring 
of response (e.g. blood lactate concentration) and 
inotropic support. 


Hypertension 


Arterial hypertension is a common complication in 
the early postoperative period. The causes include the 
following: 
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m pain 

m pre-existing hypertension, particularly if con- 
trolled inadequately 

hypoxaemia 

hypercapnia 

administration of vasopressor drugs 

after aortic surgery, as a result partly of increased 
plasma concentration of renin. 


A combination of these causes may be present. 
Hypertension results in increased cardiac work and 
myocardial oxygen consumption, and may result in 
myocardial ischaemia or infarction, left ventricular 
failure or cerebral haemorrhage. The cause should be 
elicited rapidly and treated if possible. Oxygen should 
be administered. If no remediable cause is found and 
the hypertension is felt to be a risk to the patient, 
careful antihypertensive treatment can be started us- 
ing vasodilators such as hydralazine (i.v.), nifedipine 
(sublingual) or glyceryl trinitrate (sublingual or i.v.), 
or beta-blockade (labetalol has combined a- and 
B-antagonism, esmolol is short-acting). Such treatment 
may unmask hypovolaemia (see above) and additional 
i.v. fluids may be required. 


Arrhythmias 


These are common during and immediately after 
anaesthesia (see also Ch 8). The majority are benign 
and require no treatment. However, the cause should 
be sought and its effect on the circulation assessed. 
Common causes include the following: 


residual anaesthetic agents 

hypercapnia 

hypoxaemia 

electrolyte or acid—base disturbance 

vagal stimulation, e.g. by tracheal tube or suction 
catheters 

m myocardial ischaemia or infarction 

m pain. 


Sinus tachycardia is common and may be a reflex 
response to hypovolaemia or hypotension. It also 
occurs in the presence of hypercapnia, anaemia or 
hypoxaemia, and if the metabolic rate is elevated by 
fever, shivering, restlessness or malignant hyper- 
thermia. The commonest cause is pain. Tachycardia 
increases myocardial oxygen consumption and de- 
creases coronary artery perfusion by reducing diastolic 
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time. The combination of arterial hypertension and 
tachycardia is dangerous in the presence of ischaemic 
heart disease and should not be allowed to persist, as 
it may result in myocardial infarction. Sinus tachycar- 
dia should be treated specifically only if it persists after 
therapy for underlying causes has been given; a small 
i.v. dose of a short-acting B-blocker (esmolol) should 
be administered, followed by a continuous intravenous 
infusion. The ECG must be monitored. 

Sinus bradycardia may result from inadequate 
antagonism by glycopyrronium of vagal stimulation 
by neostigmine, pharyngeal stimulation during suc- 
tion or the residual effects of volatile anaesthetic 
agents. Other causes include hypoxaemia (especially 
in neonates and infants), raised intracranial pressure, 
myocardial infarction and some cardiac drugs, e.g. 
B-blockers, digoxin. Oxygen should be administered. 
Intravenous atropine or glycopyrronium is usually ef- 
fective if there is associated hypotension or evidence 
of inadequate cardiac output. In the presence of severe 
bradycardia, external cardiac massage is necessary to 
increase cardiac output. 

Bradycardia may also occur as a result of complete 
heart block; this may require electrical pacing. 

Bradycardia may also be normal for certain indi- 
viduals in which case treatment is likely to cause more 
problems than it solves. 

Supraventricular arrhythmias, including atrial fi- 
brillation, flutter or supraventricular tachycardia, are 
treated as in other circumstances. Rapid arrhythmias 
are best treated by cardioversion, but may require 
pharmacological therapy to prevent recurrence. Nodal 
rhythm with a normal heart rate is common in the 
perioperative period, particularly when volatile an- 
aesthetic agents have been used. Supraventricular ar- 
rhythmias may cause moderate hypotension because 
of the loss of synchronization between atrial and ven- 
tricular contractions. 

Ventricular arrhythmias. Ectopic beats usually re- 
quire no treatment. Ventricular tachycardia should be 
treated according to current Resuscitation Council (or 
equivalent) guidelines. 


Conduction Defects 


In the perioperative period, these usually occur in 
patients with pre-existing heart disease. Patients 
who develop complete heart block and who have 


cardiovascular compromise will usually require tem- 
porary (external or internal) cardiac pacing and cardi- 
ological advice should be sought. Patients who develop 
second-degree heart block during anaesthesia or in the 
recovery ward should be transferred to a coronary care 
or intensive therapy unit for an appropriate period of 
observation. 


Myocardial Ischaemia 


This occurs most commonly in patients with pre- 
existing coronary artery disease, and most often in the 
presence of hypoxaemia, hypotension, hypertension or 
tachycardia. The ECG should be monitored through- 
out the recovery period in patients known to be at risk, 
and precipitating factors should be avoided. Angina 
occurring during the recovery period should be treated 
by elimination of any predisposing factor (particularly 
pain) and administration of glyceryl trinitrate sublin- 
gually or intravenously. 


Acute Coronary Syndrome 


Myocardial infarction (MI) occurs in 1-2% of un- 
selected patients over 40 years of age undergoing 
major non-cardiac surgery. Pre-existing coronary ar- 
tery disease and, in particular, evidence of a previous 
MI, result in a higher risk. Mortality in patients who 
suffer a perioperative MI used to be as high as 60% but 
is somewhat lower now. Perioperative MI occurs most 
commonly on the second or third postoperative day, 
but may happen at any time during or after surgery. 
Acute coronary syndromes in the perioperative period 
are most commonly caused by atheromatous plaque 
rupture, in the same way as non-operative events. 
Non-thrombotic acute coronary syndrome (ACS) may 
also occur when myocardial oxygen delivery is insuf- 
ficient for demand. 

Several factors which may be detected during 
preoperative assessment are known to increase the 
likelihood of perioperative MI (see Ch 17). The most 
important of these is the time interval between surgery 
and a previous MI. One extensive study of risk factors 
which might predict major cardiac complications (in- 
cluding, but not exclusively, MI) showed that preop- 
erative evidence of cardiac failure, arrhythmias (of any 
type) or aortic stenosis, and age were also associated 
with a high risk. In addition, there is evidence that pre- 
existing uncontrolled hypertension is associated with 


increased risk. These problems are discussed more 
fully in Chapter 18. 

The incidence of perioperative MI is related also to 
intraoperative and postoperative factors. The magni- 
tude and type of surgery are important determinants; 
in patients with a history of previous MI, the incidence 
of perioperative reinfarction associated with major 
vascular surgery is considerably higher than when sur- 
gery is performed outside the thorax and abdomen. 
In patients with ischaemic heart disease, postopera- 
tive MI is more likely if there is evidence of ischaemic 
changes on ECG during operation. Such changes are 
associated most commonly with episodes of intraop- 
erative hypotension, hypertension or tachycardia; the 
last two occur most frequently in response to noxious 
stimuli, e.g. tracheal intubation, surgical incision. The 
drugs used and the manner in which they are em- 
ployed by the anaesthetist influence the incidences of 
both intraoperative ischaemia and perioperative MI. 
There is ongoing debate as to whether regional anaes- 
thesia reduces risk when major surgery is undertaken. 


Reduction of Risk 


The incidence of perioperative MI may be reduced by 
the following. 


= Identification of patients at risk. Elective surgery 
should be postponed if possible until at least 
3 months after a previous MI. 

= Treatment of risk factors. Cardiac failure, hyper- 
tension and arrhythmias should be controlled 
before surgery. If necessary, the operation should 
be postponed until control is achieved. Coronary 
artery bypass grafting or aortic valve replacement 
may be required in patients with severe coronary 
artery disease or aortic stenosis, respectively, be- 
fore other major abdominal or thoracic surgery 
is undertaken. 

m Avoidance of ischaemia. The anaesthetic tech- 
nique and postoperative management should 
ensure adequate oxygenation of the myocardium 
and should minimize myocardial oxygen de- 
mand (see Ch 18). 

= Monitoring. ECG must be monitored throughout 
anaesthesia, including induction, in all patients 
at risk; the CM5 electrode configuration (see 
Fig. 16.2) is suitable for detection of ischaemic 
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changes. Arterial pressure should be monitored 
regularly, and continuously in patients undergo- 
ing major surgery. 


Diagnosis 

Perioperative MI may be difficult to diagnose. It occurs 
most commonly on the second or third postoperative 
days. The classic distribution of pain is present in only 
25% of patients. 

The diagnosis should be considered in any patient at 
risk who develops an arrhythmia or becomes hypoten- 
sive in the postoperative period. Premature ventricular 
contractions occur in 90% of patients who experience 
an MI; sinus bradycardia and the development of any 
degree of atrioventricular conduction defect are also 
common. The diagnosis is confirmed by changes in se- 
rial ECG recordings and serum troponin concentrations. 


OTHER MAJOR POSTOPERATIVE 
COMPLICATIONS 


Deep Venous Thrombosis 


The main factors postulated by Virchow as contribut- 
ing to the formation of venous thrombi are: 


= changes in the composition of blood 
= damage to walls of blood vessels 
= decreased blood flow. 


However, the exact trigger mechanism which initi- 
ates venous thromboembolic disease in some patients 
but not others remains unknown. Most DVTs are sub- 
clinical and peak occurrence is around 7 days after 
surgery. The degree of association between subclinical 
distal (calf) DVT and fatal pulmonary embolism (PE) 
is unclear. There remains a degree of controversy over 
the optimal approach to management. 


Risk Factors 


A higher incidence of deep venous thrombosis (DVT) 
has been reported in patients with: 


extensive trauma 
infection 

heart failure 

blood dyscrasias 
malignancy 
metabolic disorders. 
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DVT is commoner after hip, pelvic and abdomi- 
nal surgery than after other types of surgery; regional 
anaesthetic techniques, with general anaesthesia or in 
isolation, may reduce the risk. There is a well-estab- 
lished association between spontaneous DVT and oes- 
trogen, and DVT may occur in women who take some 
types of oral contraceptive pill. The number of women 
who develop this complication is small. However, the 
incidence increases if surgery is performed while the 
patient is currently taking the drug. The risk is re- 
duced but not abolished if a low-oestrogen (50 ug or 
less) preparation is used. Women who take hormone 
replacement therapy are also at increased risk. 


Diagnosis 

Approximately 70% of patients with a DVT have nei- 
ther symptoms nor signs. Fifty per cent of patients 
with calf pain and tenderness on dorsiflexion of the 
foot do not have a DVT. Often there is mild pyrexia. 


Investigations 


Ultrasonography. This is non-invasive and simple to 
perform. However, it is relatively insensitive and is 
useful only for confirming the diagnosis of a major 
thrombus. 


CT/ MR Venography. These may be of use for selected 
patients. 


D-Dimers. These are degradation products from the 
action of plasmin on fibrin. Although they are useful 
as a screening test in outpatients, they are of little value 
in postoperative patients due to the frequency of el- 
evated concentrations in surgical patients. 


Prophylaxis 

As with most complications, appropriate assessment is 
a key step in reduction of events. Prophylactic mea- 
sures to minimize the risk of DVT and PE are detailed 
in Chapter 13. 


Elimination of Stasis. Early ambulation after opera- 
tion is widely promoted as a method to reduce the in- 
cidence of DVT, although the degree of benefit is not 
clear. Attempts directed at preventing stasis, including 
physiotherapy, elastic stockings and elevation of the 
feet, may reduce the incidence of DVT but have not 


been shown to influence the incidence of pulmonary 
embolism. 

Two methods are currently used for increasing 
venous return from the lower limbs during surgery. 


m Pneumatic compression of the calves. The legs 
are encased in an envelope of plastic material, 
which is inflated and deflated rhythmically, thus 
squeezing the calves intermittently. These devices 
mimic the effect of the calf muscle pump, pro- 
moting venous return, and also stimulate fibri- 
nolytic activity. This technique may be continued 
postoperatively. 

m Anti-embolism stockings. It is important that 
these are fitted properly because ill-fitting stock- 
ings are at best useless and at worst may cause 
injury due to local constrictions. There is no 
good evidence that thigh-length stockings confer 
benefit over knee-length stockings. They are con- 
traindicated in patients with: 

m suspected or proven peripheral arterial disease 

= peripheral arterial bypass grafting 

= peripheral neuropathy or other causes of sen- 
sory impairment 

= any local conditions in which stockings may 
cause damage, e.g. fragile ‘tissue paper’ skin, 
dermatitis, gangrene or recent skin graft 

= known allergy to material of manufacture 

= cardiac failure 

m severe leg oedema or pulmonary oedema from 
congestive heart failure 

= unusual leg size or shape 

= major limb deformity preventing correct fit. 


Although the incidence of DVT is reduced substan- 
tially by these techniques, there is no reduction in the 
incidence of, or mortality from, PE. However, there is 
no increased risk of bleeding, and if fitted appropri- 
ately, few complications. 


Alteration of Blood Coagulability 


Platelet Aggregation. Various drugs which interfere 
with different aspects of platelet function have been 
investigated. These include dextran 70, dipyridamole, 
aspirin and chloroquine. High dose, but not low dose, 
aspirin reduces the incidence of DVT and PE. Infusion 
of dextran during and after surgery may reduce the 
incidence of fatal postoperative pulmonary embolism 


but its role in the prevention of peripheral venous 
thrombosis is undetermined. 


The Coagulation Mechanism. Low-molecular- 
weight heparins reduce the rate of DVT and PE, 
but at the expense of an increase in major bleeding. 
Pharmacological methods should therefore be used 
only in patients at risk of major bleeding if the risk 
of venous thromboembolism (VTE) is felt to out- 
weigh the risk of bleeding. This is described more 
fully in Chapter 13. Pharmacological prophylaxis 
is usually with low-molecular-weight heparin. The 
anaesthetist should be aware of when this is given as 
it may impact on the use of neuraxial blockade and 
removal of epidural catheters. 

Temporary inferior vena caval filters should be 
considered for patients at high risk of VTE where 
mechanical or pharmacological methods are contrain- 
dicated or likely to be insufficient. 


Pulmonary Embolism 


This term covers a range of events from sudden cir- 
culatory collapse and death, through minor episodes 
of pleurisy and haemoptysis, to the long-standing dis- 
ability of patients with chronic thromboembolic pul- 
monary hypertension. The acute forms of pulmonary 
embolism are encountered after anaesthesia and sur- 
gery. In the elderly, multiple small pulmonary emboli 
may be misdiagnosed as bronchopneumonia. 

The common sites of origin for thrombi which result 
in pulmonary embolus are the veins of the pelvis and 


Pulmonary embolus 


OTHER MAJOR POSTOPERATIVE COMPLICATIONS 815 


lower extremities. The most common time for presenta- 
tion of a postoperative pulmonary embolism is during 
the second week. In some patients, predisposing factors 
may have existed preoperatively for some time, and the 
whole time-scale of events may be shifted; the embolus 
may occur at the time of, or shortly after, surgery. 


Diagnosis 

Presenting features. The principal features are circu- 
latory collapse and sudden dyspnoea, often associated 
with chest pain. If the embolus is large, the pulmonary 
artery outflow is blocked and sudden death results. 
If the embolus involves more than 50% of the main 
pulmonary arteries, or is associated with arterial 
hypotension or shock, it is termed massive. 


Physical Signs. A low cardiac output state develops. 
Tachypnoea and central cyanosis are usual. There is ar- 
terial hypotension, sinus tachycardia and a constricted 
peripheral circulation. The jugular venous pressure is 
elevated. 


Investigations 


m ECG (Fig. 40.10). This reflects acute right ven- 
tricular strain, with features that often include 
right axis deviation, T-wave inversion in leads 
V —V, and sometimes right bundle branch block. 
The classic $1-Q3-T3 pattern is less common. 

m Chest X-ray. This is often unremarkable but may 
show areas of oligaemia reflecting pulmonary 
vascular obstruction. 


VF 


V4 Vo V3 
FIGURE 40.10 


Va V5 V6 


Typical electrocardiogram changes in pulmonary embolism. 
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m Arterial blood gases. There is usually hypoxaemia 
because of ventilation—perfusion imbalance, and 
hypocapnia resulting from hyperventilation. 

= Pulmonary angiography. This provides a defini- 
tive diagnosis of major obstruction in the pulmo- 
nary circulation, and is now performed usually 
by CT scan. This investigation is particularly use- 
ful if the patient is critically ill and the diagnosis 
is in doubt, and is essential if pulmonary embo- 
lectomy is planned. However, it requires transfer 
of the patient to the X-ray department. 


Treatment 


Deep Venous Thrombosis. The mainstay of therapy 
is anticoagulation. Low molecular weight heparin is 
started at a therapeutic dose. At the same time, oral 
anticoagulant therapy is started. Warfarin is used most 
commonly. Heparin is continued until adequate an- 
ticoagulation is in place with oral agents (warfarin). 
Oral anticoagulants are usually continued for at least 
3 months depending on the underlying cause. 


Pulmonary Embolism. Immediate treatment consists 
of administration of oxygen in a high concentra- 
tion and therapeutic doses of low-molecular-weight 
heparin. Sometimes it is necessary to use additional 
inotropic support for the circulation. Heparin is con- 
tinued until adequate anticoagulation is in place with 
oral agents (warfarin). Oral anticoagulant therapy is 
started as soon as possible and is continued for several 
months in consultation with the haematologists. 
Massive pulmonary embolus which does not re- 
spond to the above measures may warrant the use of 
thrombolytic agents (e.g. TPA), surgical embolectomy 


(under cardiopulmonary bypass) or interventional 
radiological procedures. 


Postoperative Renal Dysfunction 


The kidney is vulnerable to a wide range of drugs (see 
Ch 10), chemicals and pathological insults. It is par- 
ticularly susceptible to toxic substances for the follow- 
ing reasons: 


large blood flow per unit mass 

high oxygen consumption 

non-resorbable substances concentrated by tubules 
permeability of tubular cells. 


Acute kidney injury (AKI) following surgery is rela- 
tively common; almost 25% of elderly patients who 
died following emergency surgery were found to have 
evidence of acute kidney injury on admission. There is 
no single diagnostic criterion for defining acute kidney 
injury, but a consensus clinical tool is the ‘RIFLE’ cri- 
teria (Table 40.8). 

Unfortunately, the RIFLE criteria essentially give in- 
formation about what has happened already, rather than 
providing information about current injury at a time 
when preventative action may be possible. There is ongo- 
ing research into biomarkers of early/ongoing renal in- 
jury but there is no reliable and practical test available yet. 

Acute kidney injury in the surgical patient is often 
multifactorial. Key factors are: 


increased age 

sepsis/systemic inflammatory response syndrome 
intravascular volume depletion 

nephrotoxic drugs: 

m aminoglycosides 

= radiocontrast 


TABLE 40.8 


RIFLE (Risk, Injury, Failure, Loss, End-Stage) Criteria for Acute Kidney Injury 


GFR Criteria 


Urine Output (UO) Criteria 


Risk GFR decreased >25% or [Creatinine] x 1.5 UO<0.5mLh" for 6h 

Injury GFR decreased >50% or [Creatinine] x 2 UO<0.5mLh" for 12h 

Failure GFR decreased >75% or [Creatinine] x 3 or [Creatinine] UO<0.3 mLh"! for 24 or anuria for >12h 
>355pmolL" (with a rise of >44 mol L") 

Loss Persistent acute renal failure - complete loss of kidney function >4 weeks 


End-stage End-stage kidney disease 


= comorbidities: 
= diabetes 
= vascular disease 
= abdominal compartment syndrome. 


Outcome following illness and surgery is worse 
when complicated by AKI, with increased length of 
stay and increased mortality. 

Postoperative care should therefore focus on: 


m identifying patients at high risk of developing AKI 

m avoiding factors which may increase risk of or 
from AKI 

m close monitoring and intervention in those pa- 
tients who develop signs of AKI. 


Effects of Anaesthesia 


All anaesthetic techniques depress renal blood flow 
and, secondary to this, interfere with renal function. 
Provided that prolonged hypotension is avoided, the 
effects are temporary. However, there is the potential 
for some anaesthetic agents to produce permanent 
renal damage. 

The administration of the volatile anaesthetic agent 
methoxyflurane was associated with a relatively high 
incidence of renal dysfunction. Clinically, the de- 
fect was characterized by failure of the concentrating 
ability of the kidney. In certain instances, this pro- 
gressed to high-output renal failure. The nephrotox- 
icity of methoxyflurane was dose-dependent and was 
caused by inorganic fluoride ions produced during 
its metabolism. Administration of methoxyflurane in 
combination with other nephrotoxic drugs, e.g. ami- 
noglycosides, was particularly hazardous. 

Large quantities of fluoride ion are also produced 
during metabolism of enflurane and sevoflurane, 
although a much smaller proportion of these drugs 
(2-3%) is metabolized in comparison with methoxy- 
flurane (45%). Concentrations of fluoride ion in 
blood following administration of sevoflurane may 
exceed the value associated with renal impairment 
after anaesthesia with methoxyflurane. However, 
there has been no evidence to suggest that either en- 
flurane or sevoflurane is associated with renal im- 
pairment related to the production of fluoride ions. 
The reason is probably related to the fact that the very 
soluble methoxyflurane continues to be metabolized 
for some days, resulting in prolonged production of 
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fluoride ions, whereas the peak concentrations asso- 
ciated with the use of enflurane and sevoflurane are 
of short duration because of their relative insolubility 
in tissues. 


Postoperative Hepatic Dysfunction 


There are many causes of postoperative hepatic 
dysfunction (Table 40.9). Most patients show no 
evidence of hepatic damage after anaesthesia and 
surgery. If it occurs, it is usually attributable to one 
of the causes shown in Table 40.9. However, if other 
causes are excluded, consideration should be given 
to the possibility of hepatotoxicity from anaesthetic 
drugs. 

Chloroform was the first anaesthetic agent to be 
suspected of causing hepatic damage. In large doses, 
chloroform is a direct hepatotoxin, and after anaes- 
thesia a hepatitis-like syndrome, with histological 
evidence of centrilobular hepatic necrosis, occurred 
occasionally. Methoxyflurane was also associated with 
hepatic damage, causing a syndrome clinically similar 
to viral hepatitis. Two of the volatile agents in current 
use have been implicated in cases of postoperative 
hepatic dysfunction. 


Halothane 


Attention was first focused on halothane-associated 
hepatitis in the early 1960s. Numerous case reports 
prompted institution in 1969 of the largest retro- 
spective anaesthetic study ever undertaken (United 
States National Halothane Study). The incidence 
and causes of fatal hepatic necrosis occurring within 


TABLE 40.9 


Causes of Postoperative Hepatic Dysfunction 


Increased Bilirubin Hepatocellular Extrahepatic Biliary 
Load Damage Obstruction 

Blood transfusion Pre-existing Gallstones 
Haemolysis and liver disease Ascending 
haemolytic disease Viral hepatitis cholangitis 


Abnormalities Sepsis Pancreatitis 
of bilirubin Hypotension/ Surgical 
metabolism hypoxia misadventure 

Drug-induced 

hepatitis 

Congestive 


heart failure 
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6 days of anaesthesia were reviewed. The overall in- 
cidence was 1 in 10 000; that associated with halo- 
thane was 1 in 35000 and was no greater than the 
incidence associated with other anaesthetic agents. 
However, it is believed at present that there is a 
small number of patients who develop postanaes- 
thetic jaundice in which halothane is the aetiologi- 
cal agent. 

There are two categories of halothane hepato- 
toxicity. Type 1 is common and self-limiting. It is 
characterized by modest increases in liver transami- 
nases and changes in drug metabolism. There is no 
jaundice and there are no signs of liver disease. It ap- 
pears to be essentially halothane-specific and is prob- 
ably due to reductive rather than oxidative metabolism 
of halothane. Type 2 is associated with centrilobular 
necrosis and acute liver failure. It is clinically similar 
to viral hepatitis with fever, jaundice and markedly 
elevated transaminases. The exact mechanism of liver 
damage is not known. At present, there are two main 
hypotheses. 


= Metabolites of reductive halothane metabolism 
bind covalently to hepatocyte macromolecules, 
causing hepatocellular damage. 

= Halothane or more likely its trifluoroacetyl me- 
tabolites react with hepatocyte proteins to form 
antigenic compounds, against which the body 
mounts an immune response which results in 
hepatocellular damage. There may be a genetic 
predisposition to this response. 


Antibodies to halothane have been demonstrated 
in patients who have suffered hepatic damage after 
administration of the drug. At present, this is the 
most promising method for evaluating the aetiol- 
ogy of a condition which has been a source of great 
controversy. 

The following groups of patients are believed to be 
at the greatest risk of developing hepatic dysfunction 
after halothane anaesthesia: 


m patients subjected to repeated halothane anaes- 
thetics, especially within a 3-month period 

m patients who have developed unexplained py- 
rexia or jaundice after a previous halothane 
anaesthetic 

= obese patients, particularly women. 


Pre-existing liver disease is not a risk factor for 
developing hepatotoxicity. Type 2 hepatotoxicity has 
been reported rarely with other volatile anaesthet- 
ics and appears to be related to the degree of hepatic 
metabolism. 


OTHER COMPLICATIONS 
(TABLE 40.10) 


Serious complications are described in detail in 
Chapter 43. 


TABLE 40.10 


Minor Morbidity Resulting from Anaesthesia 


Nausea and vomiting (see Chapter 42) 
Related to nature of operation 
Females>males 


Sore throat 
Around 12% of all general anaesthesia 
Around 45% of those with tracheal tubes 


Hoarseness 
Around 50% 


Laryngeal granulomata 


Headache 
Up to 60% of patients 


Backache 


Discomfort from catheters, drains, nasogastric tubes 


Anxiety 


Muscle pains 
Up to 100% of those who receive succinylcholine 


Shivering 


Drowsiness 


Anorexia 


Disorientation 


Thrombophlebitis at injection site 


Oral trauma 
Around 5% 


Dental injury 
Around 1%; 0.02% require surgical treatment 


Corneal abrasions 
Around 0.05-0.1% 


Nausea and Vomiting 


Although often regarded by medical and nursing staff 
as only a minor complication of anaesthesia and sur- 
gery, nausea and vomiting are frequently the cause 
of great distress to patients. Many studies have been 
undertaken to investigate nausea and vomiting after 
anaesthesia and surgery. The incidence varies from 
14% to 82%, the wide range resulting partly from dif- 
ferences in design of studies. Many factors contribute 
to the aetiology of postoperative nausea and vomiting 
and these are discussed in detail in Chapter 42. 


Prevention and Treatment 


The incidence of postoperative vomiting may be re- 
duced by careful selection of drugs in the perioperative 
period, and the prophylactic use of antiemetic agents 
(see Ch 42). 


Headache 


The reported incidence of severe headache after 
anaesthesia and surgery ranges from 12% to 35%, but 
up to 60% of patients complain of some headache. 
Individuals who are susceptible to headaches caused 
by stress, etc., are more likely to complain of postop- 
erative headache. Most investigations have failed to 
identify any single agent as being responsible for post- 
operative headache after general anaesthesia. Severe 
postural headache may occur after dural puncture 
(see p. 529). 


Sore Throat 


Around 12% of patients complain of sore throat after 
anaesthesia and surgery. Some of the common causes 
include the following. 


= Trauma during tracheal intubation. Damage to 
the pharynx and tonsillar fauces may be caused 
by the laryngoscope blade. 

= Trauma to the larynx. This is more likely if the 
tube has been forced through the vocal cords. 
A poorly stabilized tube causes more frictional 
damage to the larynx than one which is securely 
stabilized. 

= Trauma to the pharynx. This may occur during 
passage of a nasogastric tube or insertion of an 
oropharyngeal or laryngeal mask airway, and is 
particularly common when a throat pack has 
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been used. Occasionally, the pharynx or upper 
oesophagus may be perforated during insertion 
of a nasogastric tube, or during difficult tracheal 
intubation, and severe pain in the throat is often 
the first symptom. Sore throat is likely if a naso- 
gastric tube remains in situ during the postop- 
erative period. 

m Other factors. The mucous membranes of the 
mouth, pharynx and upper airway are sensitive 
to the effects of unhumidified gases; the drying 
effect of anaesthetic gases may cause postopera- 
tive sore throat. The antisialagogue effect of an- 
ticholinergic drugs may also contribute to this 
symptom. 


The use of topical local anaesthetics does not 
reduce the incidence of sore throat. Lubrication of 
the tracheal tube is effective in reducing the inci- 
dence, although there is no difference in this respect 
between plain or local anaesthetic jellies. Sore throat 
is less common, but not completely avoided, when a 
face mask or supraglottic airway is used for airway 
management. 

In the absence of a nasogastric tube, postoperative 
sore throat is usually of short duration; most patients 
are symptom-free within 48 h. 


Hoarseness 


This should not be confused with sore throat. It is al- 
most always associated with tracheal intubation and is 
caused predominantly by prolonged abduction of, and 
pressure on, the vocal cords. However, traumatic tra- 
cheal intubation can cause direct trauma to the vocal 
cords, resulting in prolonged hoarseness. 


Laryngeal Granulomata 


These may occur after tracheal intubation, and arise 
from areas of ulceration, usually on the posterior 
aspect of the vocal cords. The ulcers are caused by 
pressure and consequent ischaemia. Granulomata are 
reported most frequently after thyroidectomy. 

If hoarseness persists for longer than 1 week, 
indirect laryngoscopy should be performed. If ulcer- 
ation is present, complete voice rest is indicated. Any 
granulomata present should be excised; untreated 
granulomata may grow to such a size as to obstruct 
the airway. 
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Dental Trauma 


This is the commonest cause of litigation against an- 
aesthetists. Damage usually occurs during laryngos- 
copy, especially if tracheal intubation is difficult, or 
in association with removal of a supraglottic airway. 
Loose teeth, crowns, caps and bridges are particularly 
susceptible to damage. Preoperative enquiry and ex- 
amination should alert the anaesthetist to the possibil- 
ity of damage. 


Ocular Complications 


Carelessness is the commonest cause of damage to the 
eyes; corneal abrasion is the most frequent lesion. The eyes 
should not remain open during anaesthesia. The cornea is 
then exposed and vulnerable to the irritant effects of skin 
preparations, dust and surgical drapes. This type of dam- 
age is easily prevented by securing the eyelids in a closed 
position with adhesive tape. 

Retinal infarction has occurred on rare occasions as 
a result of pressure on the eyeball from a face mask. It 
can also occur if patients are placed in the prone posi- 
tion in such a way that pressure is exerted on the eye, 
e.g. by a horseshoe head rest. 


Muscles 


Problems associated with inadequate reversal of neu- 
romuscular blocking drugs are discussed above. The 
detection and treatment of malignant hyperthermia 
are described on page 879; it is important to appreciate 
that this condition may present during recovery. 


Shivering 


This is a common complication in the recovery 
room. It may occur in patients who are hypothermic 
as a result of prolonged surgery, or during injection 
of local anaesthetic solution into the epidural space. 
However, in most patients, the onset of shivering is 
not related to body temperature, and there is evi- 
dence from electromyography that the characteris- 
tics of postoperative (or postanaesthetic) shivering 
differ from those of thermoregulatory shivering. The 
incidence and severity of shivering are increased in 
patients who have received an anticholinergic pre- 
medication, and women are more likely to shiver in 
the luteal than in the follicular phase of the men- 
strual cycle. 


Shivering increases oxygen consumption and car- 
bon dioxide production and may result in hypoxae- 
mia and hypercapnia if the response of the respiratory 
centre to carbon dioxide is impaired by drugs. Oxygen 
should be administered. A small dose of pethidine 
(20 mg i.v.) is frequently effective in aborting postop- 
erative shivering. 


Succinylcholine Pains 


Muscle pains after succinylcholine are very common, 
occurring in at least 50% of patients who receive the 
drug. The muscles involved most frequently are those 
of the shoulder girdle, neck and thorax. The pain is 
similar in nature to that caused by viral-related myos- 
itis. The incidence is influenced by the following factors. 


m Age. Succinylcholine pains are unusual in young 
children and the elderly. 

m Gender. Women are more susceptible than men. 
The incidence is reduced during pregnancy. 

= Type of surgery. There is an increased incidence 
after minor procedures, when early ambulation 
is likely. 

m Physical fitness. The incidence is higher in indi- 
viduals who are physically fit. 

= Repeated doses. The incidence is increased if re- 
peated doses of succinylcholine are administered. 


The exact cause of muscle pains after succinylcho- 
line is unknown, although it is thought that fascicula- 
tions produced by depolarization of the motor nerve 
end-plate are involved in the pathogenesis. However, 
the visible extent of fasciculations does not correlate 
with the severity of subsequent pain. Myoglobinuria 
occurs after administration of succinylcholine, dem- 
onstrating that muscle cell injury does occur. 

After minor surgery, the patient may be disturbed 
by the muscle pains to a greater extent than the dis- 
comfort caused by the operative procedure. Analgesics 
such as paracetamol or NSAIDs may be required for 
2-3 days to relieve the pain. 

It is possible to reduce, but not to eliminate, the in- 
cidence of succinylcholine pains by pretreatment with 
one of the following agents: 


m a small dose of non-depolarizing muscle relaxant 
(usually 10% of the normal dose) 2-3 min before 
induction of anaesthesia 


m lidocaine 1mgkg™ 
m diazepam 0.15mgkg™ iv. before induction of 
anaesthesia. 


Surgical Considerations 


During the recovery period, several surgical com- 
plications may occur. These include haemorrhage, 
blockage of drains or catheters and soiling of dress- 
ings. Prosthetic arterial grafts may block, resulting in 
ischaemia of the limbs. Recovery ward nurses and an- 
aesthetists must be aware of potential surgical compli- 
cations, as rapid surgical intervention may be required. 
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The recovery period may also be used to com- 
mence orthopaedic traction before the patient returns 
to the ward. 
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POSTOPERATIVE PAIN 


ain is an extraordinarily complex and emo- 
tive sensation which is difficult to define and equally 
difficult to measure in an accurate, objective man- 
ner. It has been defined as the sensory appreciation 
of afferent nociceptive stimulation, which elicits an 
affective (or autonomic) component; both are sub- 
jected to rational interpretation by the patient. It 
may be represented as a Venn diagram (Fig. 41.1), the 
shaded area of which represents the quantum of suf- 
fering experienced by the patient. The Venn diagram 
illustrates easily and effectively that the sensation of 
pain differs among individual patients; the emotional 
component may vary according to the patient’s cur- 
rent psychological state and pre-existing psychologi- 
cal composition and the rational component varies 
with the patient’s previous experience, insight and 
motivation. 

Postoperative pain differs from other types of pain 
in that it is usually, but by no means always, transitory, 
with progressive improvement over a relatively short 
time-course. Typically, the affective component tends 
towards an anxiety state associated with diagnosis 
of the condition, concern regarding the effectiveness 
of surgery to provide a cure and/or relief of exist- 
ing pain, and fear of delay in provision of adequate 
analgesic therapy by attendants. In contrast, chronic 
pain is persistent, frequently with fluctuating inten- 
sity, may remain without an acceptable diagnosis and 
the affective component contains a greater depressive 
element, with the patient needing and potentially ac- 
tively searching for adequate pain relief. Thus, postop- 
erative pain is more easily amenable to therapy than 
chronic pain. Despite this, a recent survey showed that 
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most adults still expect to have significant postopera- 
tive pain after surgery, and that this is their primary 
concern before surgery. Such concern may be justi- 
fied, because traditional management of postopera- 
tive pain, using intramuscular opioid administration 
given on demand, often failed to produce good an- 
algesia. This was highlighted by the Royal College of 
Surgeons’ report on postoperative pain in 1990, which 
paved the way to the national development of Acute 
Pain Services and improved methods of administer- 
ing pain relief. 

The traditional management of postoperative pain 
comprised the prescription of a standard dose of an opi- 
oid, to be given on demand by a nurse when the patient’s 
pain threshold had been exceeded. This leads to poor 
control of postoperative pain for the following reasons: 


= Responsibility for management of pain is del- 
egated to the nursing staff, who err on the side 
of caution in the administration of opioids. They 
tend to give too small a dose of drug too infre- 
quently because of exaggerated fears of produc- 
ing ventilatory depression or addiction. 

m The roles and availability of nurses have changed 
in line with an evolving healthcare system. This 
has reduced the number of nurses available to 
administer opioid analgesia in an effective and 
safe manner. The statutory regulations on the 
prescribing and administration of opioid medi- 
cation remains unchanged, but with reduced 
staffing levels, this can impact on the time delay 
between the request for analgesia and the admin- 
istration of the medication. This is often most 
noticeable at night. 


Rational 


Vv 


FIGURE 41.1 © The interrelationship between emotional, ra- 
tional and physical components of pain. Perceived pain is rep- 
resented by the area of intersection of all three components. 


m Because the administration of drugs is left en- 
tirely to the discretion of the nursing staff, the 
degree of empathy between nurse and patient 
affects analgesic administration. This may be 
part of the explanation for the common obser- 
vation that the mean dose of morphine given 
for a standard operation varies among hospitals 
and even among wards in the same hospital. 

m Because the measurement of pain is difficult, it 
is seldom possible to adjust the dose of drug to 
match the extent of pain. 

m There are enormous variations in the extent of 
analgesic requirements depending upon the type 
of surgery, pharmacokinetic variability, pharma- 
codynamic variability, etc. 


These inadequacies in the traditional management 
of postoperative pain have been confirmed by a survey 
of ethical problems faced by nurses, which showed that 
they regard pain management to be a significant prob- 
lem in their clinical practice. 
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PHYSIOLOGY 


The physiology of acute pain is no longer considered 
to be a simple ‘hard-wired’ system with a pure ‘stim- 
ulus-response’ relationship. Rather, tissue damage or 
disease sets up a process involving tissue receptors, the 
peripheral, central and autonomic nervous systems, 
and higher centres in the brain which produce the per- 
ception of pain. 


Nociceptors 


Nociceptors are receptors which require a strong 
(high threshold) stimulus for activation. Most are 
polymodal, i.e. respond to a variety of noxious 
stimuli (heat, mechanical, chemical). The usual 
stimulus for activation is mechanical distortion of 
the receptor, followed by local increases in K* and 
H* ions. Inflammation leads to a reduction in the 
threshold for stimulation, and activation of dor- 
mant or ‘silent’ nociceptors. This is termed ‘periph- 
eral sensitization’. 


Primary Afferent Fibres 


Primary afferent fibres conduct impulses from 
the nociceptor to the spinal cord, and have their 
cell bodies in the dorsal root ganglion. There are 
two types of primary afferent fibres from nocicep- 
tors, and they are distinguished mainly by their 
speed of conduction. Ad fibres have a high speed 
of conduction, and are responsible for ‘immedi- 
ate, sharp pain and reflex withdrawal. C fibres 
conduct at a lower speed, and are responsible for 
persistent pain and central sensitization in the spi- 
nal cord (Table 41.1). Most primary afferent fibres 
terminate by synapsing with dorsal horn neurones 
(Fig. 41.2). 


TABLE 41.1 


Characteristics of Primary Afferent Fibre (Af is Included for Comparison) 


Cc Aô AB 
Conductive velocity IV (<2ms") IlI (10-40 ms") Il (>40ms") 
Myelination No Yes Yes 
Receptors High threshold High and low Low threshold 


threshold 
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FIGURE 41.2 = Basic anatomy of the pain pathway. 


Dorsal Horn Neurones 


A cross-section of the spinal cord shows 10 anatomi- 
cally and physiologically distinct layers called Rexed 
laminae (Fig. 41.3). Laminae 1-6 and lamina 10 are 
sites at which sensory afferents synapse with dorsal 
horn cells. Laminae 7, 8 and 9 represent the motor 
horn. Ad and C fibres terminate in several layers, in- 
cluding the outer (marginal) zone and in particular 
lamina 2 (substantia gelatinosa). 

Some dorsal horn cells respond to painful and 
non-painful stimuli, and are called ‘wide dynamic 
range’ (WDR) neurones. They exhibit ‘wind up’ in 
which their output increases in the presence of a con- 
tinuous, low frequency, C fibre (i.e. painful) input. In 
this case, the C-fibre input has ‘sensitized’ the dor- 
sal horn cell, and animal models have demonstrated 
that NMDA (N-methyl-D-aspartate) receptor activa- 
tion is a key feature. This process is termed ‘central 
sensitization’. 


Allodynia and Hyperalgesia 


Allodynia is the term for pain induced by a previously 
non-painful stimulus. Hyperalgesia is increased pain 
from a previous painful stimulus. Both occur fol- 
lowing peripheral and central sensitization, and they 


Tract of Lissauer 


FIGURE 41.3 


Rexed laminae. 


should be regarded as normal physiological processes 
following tissue injury, designed to encourage the or- 
ganism to protect the injury. 

The receptive field of a dorsal horn neurone refers 
to the area in the periphery where stimulation trig- 
gers action potentials in that dorsal horn neurone. 
Following tissue injury, the receptive field expands, 
and minor changes in excitability cause major changes 
in the size of the receptive field. 


Ascending Tracts and Supraspinal Systems 


Most dorsal horn neurones project to the brain by 
ascending several segments in the spinal cord before 
crossing over to the opposite ventrolateral side, and 
joining one of three major spinal systems: 


= Spinothalamic tract: probably the most impor- 
tant tract for pain transmission, this tract proj- 
ects to several nuclei in the thalamus. It is the 
target for treating intractable cancer pain with 
cordotomy. 

m Spinoreticular tract: terminates in the reticular 
nuclei in the brainstem. 

m Spinomesencephalic tract: terminates in the 
mesencephalic reticular formation and periaq- 
ueductal grey. 


All the terminal sites of spinal tracts project to the 
somatosensory cortex, associated with the sensory as- 
pect of pain. The limbic system is associated with the 
affective aspect of pain. 


Descending Systems 

Descending inhibitory pathways, originating in par- 
ticular from the periaqueductal grey matter in the 
midbrain and the rostral ventromedial medulla, may 
modulate transmission across spinal cord synapses. 
Both these areas contain high concentrations of en- 
dogenous opioids and opioid receptors. Activation 
of these receptors increases activity in descending 
monoamine (serotonin and noradrenaline) pathways 
(indirectly, by reducing stimulation of inhibitory in- 
terneurones), and reduces transmission across dorsal 
horn synapses. 


Visceral Pain 


Afferent C fibres from abdominal viscera travel with 
autonomic nerves, particularly sympathetic, and syn- 
apse with dorsal horn cells. Thus, sympathetic dener- 
vation may be useful for intractable visceral pain (e.g. 
coeliac plexus block for pancreatic cancer). There is no 
distinct spinothalamic tract for visceral afferents. 


Neuropathic Pain 


This is pain arising from an abnormality or change 
in either the peripheral or central nervous systems. It 
is usually accompanied by other sensory (numbness, 
paraesthesiae), motor (weakness) or autonomic dys- 
function, and so may be distinguished from referred 
pain. Radicular pain is pain arising in the distribution 
of a spinal nerve, and may be caused by compression 
of the spinal cord, nerve root, or plexus. 


Referred Pain 


Referred pain is experienced at a site distant from the 
pain source, and occurs because of convergence of 
different pain afferents on to common dorsal horn 
neurones. Segmental embryonic innervation remains 
throughout growth and accounts for the distance be- 
tween the source of pain and referred site. Referred 
pain is often described as an ache, and is not accompa- 
nied by any other sensory abnormality. 


EFFECTS OF NOXIOUS SURGICAL 
STIMULATION 


Changes occur within the nervous system following 
any prolonged, noxious stimulus, as in the postopera- 
tive period where the surgical wound sends afferent 


INPATIENT PAIN TEAMS 825 


neuronal information to the central nervous system 
for some time. Both ‘peripheral’ and ‘central’ sensitiza- 
tion occurs and alters the body’s response to further 
peripheral sensory input. 

Moreover, surgery generates a catabolic state by 
changes in endocrine hormonal control, with in- 
creased secretion of catabolic hormones and decreased 
secretion of anabolic hormones. The results include: 
pain; nausea, vomiting and intestinal stasis; alterations 
in blood flow, coagulation and fibrinolysis; alterations 
in substrate metabolism; alterations in water and elec- 
trolyte handling by the body; and increased demands 
on the cardiovascular and respiratory systems. 

New principles of pain management have been de- 
veloped to improve analgesia after surgery in the light 
of our improved understanding of the processes in- 
volved. These include the recognition of the adverse 
effects of unrelieved pain, the need for an experienced 
and flexible approach to the problem by medical and 
nursing staff, and the necessity of informing the pa- 
tient about the pain relief process. It is best to make 
plans for analgesia before surgery takes place, and this 
is especially important in short-stay surgery, when the 
patient is discharged home soon after the operation. 
The safety and efficacy of postoperative pain man- 
agement may be improved by frequent assessment of 
the patient, good education of the staff and patients 
about the techniques and drugs used, preparation of 
protocols and guidelines for staff to follow, and regular 
evaluation by quality assurance programmes. These 
principles have been developed and incorporated into 
Acute or more recently Inpatient Pain Teams. Whilst 
acute postoperative pain normally settles over a rela- 
tively short time period, it is recognized that there is 
a significant incidence of chronic, severe pain after 
surgery including thoracotomy, mastectomy, limb am- 
putation, and the less invasive operation of vasectomy. 
The aetiology of ongoing severe pain after surgery 
must lie in the pathophysiological changes, described 
above, which occur after tissue damage. 


INPATIENT PAIN TEAMS 


Since the publication of the Royal College of Surgeons’ 
and College of Anaesthetists’ report on postoperative 
pain in 1990, there has been a gradual and effective 
formation of Acute Pain Teams; more recently, these 
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have become Inpatient Pain Teams. Their role is multi- 
dimensional, multidisciplinary and aimed at improv- 
ing analgesia, maintaining safety, education and, in the 
long term, reducing morbidity, mortality and poten- 
tially bed days. 

In broad terms, these teams have the following 
functions: 


m Assessment of pain 

m Standardization of orders of analgesic prescrip- 
tion and monitoring of patients 

= Education of nurses, doctors and staff allied to 
medicine who deal with patients in acute pain 

m Provision and monitoring of new or specialist 
analgesic methods 

= Advice to staff on managing acute pain 

m Constant evaluation of analgesic regimens e.g. 
efficacy, side-effects and safety 

m Audit 

= Adherence to national standards 


The teams are usually multidisciplinary but managed 
by senior nursing staff trained in Pain Management, 
who often have postgraduate qualifications in the man- 
agement of pain. Guidance and assistance, which is both 
practical and educational, is provided by consultant an- 
aesthetists trained in Pain Management, and usually an- 
aesthetists in training. Further assistance at ward level is 
provided by a system of link nurses who have a special 
interest in Pain Management on their ward. 

The whole team requires administrative and audit 
support. Specific resources include specialist equip- 
ment and computers. 

These Pain Teams now deal with a wide variety of 
acute pain problems, not only postoperative, which are 
categorized below. 


m Acute postoperative 
m Major surgery 
Intermediate surgery 
Minor surgery 
Ambulatory and day surgery 
Specialist surgery e.g. bariatric, emergency, 
fractured neck of femur in the elderly 
m Secondary to trauma 
Skeletal 
= Blunt trauma 
= Penetrating trauma 
= Accidental/deliberate 


m Secondary to a disease process 
Infection 

Inflammation 

Ischaemia 

Burns 

Infiltration/Cancer 
Compression 


A patient’s experience of pain as illustrated in the 
previous Venn diagram (Fig. 41.1) is multidimen- 
sional, requiring input from a wide variety of profes- 
sionals experienced in pain management. 


CAUSES OF VARIATION IN 
ANALGESIC REQUIREMENTS 


Using patient-controlled analgesic apparatus (see be- 
low), it has been shown that there is marked interindi- 
vidual variation in analgesic requirements. Thus, after 
open cholecystectomy, some patients may require no 
morphine within the first 24h, whereas others may 
require as much as 120mg. Unfortunately, there is no 
way of predicting in advance the extent of opioid re- 
quirements of an individual patient. In clinical prac- 
tice, requirements are assessed on a trial-and-error 
basis; anaesthetists are therefore in an ideal position 
to be involved in prescribing postoperative analgesia, 
as they obtain a ‘feel’ for dose requirements during the 
management of anaesthesia. 


Site and Type of Surgery 


In general, upper abdominal surgery produces greater 
pain than lower abdominal surgery, which in turn is 
associated with greater pain than peripheral surgery. 
This generalization is not entirely accurate; operations 
on the richly innervated digits may be associated with 
quite severe pain. 

The type of pain may differ with different types 
of surgery. Operations on joints are associated with 
sharp pain. In contrast, abdominal surgery is associ- 
ated with three types of pain: a continuous dull nau- 
seating ache (which responds well to morphine); a 
spasmodic, intermittent cramping pain originating 
from motile viscera, which may respond to hyoscine 
(Buscopan); and a sharper pain induced by coughing 
and movement (which responds poorly to morphine). 
Pain associated with surgery on the digits may respond 
relatively poorly to opioids but well to non-steroidal 
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TABLE 41.2 


Duration and Severity of Postoperative Pain 


Duration of Severity of Pain 

Site of Operation Opioid Use (h) (0-4) 
Abdominal 

Upper 48-72 3 

Lower Up to 48 2 

Inguinal Up to 36 1 
Thoracotomy 72-96 4 
Limbs 24-36 2 
Faciomaxillary Up to 48 2 
Body wall Up to 24 1 
Perineal 24-48 
Hip surgery Up to 48 2 


anti-inflammatory drugs. There is increasing evidence 
that minimally invasive, laparoscopic surgery produces 
less-prolonged postoperative pain than do traditional 
techniques, but the pain may still be severe, especially 
in the immediate postoperative period. 

Table 41.2 provides an approximate guide to the 
duration and severity of postoperative pain. 


Age, Gender and Body Weight 


The analgesic requirements of males and females are 
identical for similar types of surgery, but variations 
in opioid receptor type (more OPRK1 [x] receptors in 
females) may influence gender response to different 
opiates. However, there is a reduction in analgesic 
requirements with advancing age. Consequently, it is 
essential that the anaesthetist reduces the dosage of 
opioid drugs in elderly patients. For example, reason- 
able starting doses for intramuscular (or subcutane- 
ous) postoperative morphine administration would be 
7.5-12.5 mg for patients aged 20-39 years, but the dose 
should be reduced to only 2.5-5.0 mg for patients of 
70-85 years of age. 

The established anaesthetic practice of prescribing 
the potent opioid drugs on a milligram or microgram 
per body weight basis lacks scientific validity. There is 
no evidence to suggest that variations in body weight 
in the adult population affect opioid requirements 
significantly. 


TABLE 41.3 


Psychological Factors Which Influence 
Postoperative Analgesic Requirements 


Personality - more pain if high neuroticism/extroversion 


Social background 


Culture 


Motivation 


Preoperative psychotherapy 


Psychological Factors 


The patient’s personality affects pain perception and re- 
sponse to analgesic drugs. Thus, patients with low anxi- 
ety and low neuroticism scores on a personality scale 
exhibit less postoperative pain and require smaller doses 
of opioid than patients who rate highly on these scales. 
Patients with high scores may exhibit a higher incidence 
of postoperative chest complications (Table 41.3). 

The extent of a patient’s anxiety also affects pain 
perception; increased anxiety results in a greater de- 
gree of perceived postoperative pain and increased 
opioid requirements. 

These psychological factors help to explain the effi- 
cacy of preoperative psychotherapy. Anxiety and post- 
operative analgesic requirements are reduced if the 
preoperative assessment by the anaesthetist includes 
an explanation of forthcoming perioperative events 
and details regarding the provision of pain relief. 


Pharmacokinetic Variability 


After the intramuscular injection of an opioid, there is 
a three- to sevenfold difference among patients in the 
rate at which peak plasma concentration of the drug 
occurs and a two- to fivefold difference in the peak 
plasma concentration achieved. This is illustrated in 
Figure 41.4, which shows the mean change in plasma 
concentration after the first and second, and seventh 
and eighth injections. The variability in the plasma 
concentration is reflected by the large standard devia- 
tion of the mean. In addition, average concentrations 
increase after each of the first few injections; oscilla- 
tion around a steady mean concentration does not oc- 
cur until after approximately the fourth injection. 

This pharmacokinetic variability helps to explain 
the relatively poor response to a single intramuscular 
injection given in the postoperative period. 


828 41 POSTOPERATIVE PAIN 


g 
5 2 
3 
n 
‘= 
2 
c 1 
w 
5 
D 
= 
0 


Mean concentration (ug mi~!) 


4 8 24 28 32 

Time (h) 
FIGURE 41.4 Ħ Blood concentrations of pethidine and 
pain score after surgery; a pain score of 0 indicates no pain. 
Doses of pethidine 100 mg have been given 4-hourly. Mean 
blood concentration of pethidine continues to rise for 24h 
before a plateau is reached. Little pain relief is provided 
by the first dose. Even after 24h, significant pain is pres- 
ent 3 and 4h after each injection, as blood concentrations 
decline. 


Pharmacodynamic Variability 


Although there are widespread pharmacokinetic 
variations among patients in response to admin- 
istration of opioids, the major reason for varia- 
tion in opioid sensitivity is pharmacodynamic, i.e. 
a difference in the inherent sensitivity of opioid 
receptors. 

Using continuous infusions of opioids to achieve 
equilibrium between receptor drug concentra- 
tion and plasma concentration, it is possible to 
define a steady-state plasma concentration of opi- 
oid at which analgesia is produced. This is termed 
the minimum effective analgesic concentration 
(MEAC); values of MEAC for the commonly avail- 
able opioids are shown in Table 41.4. MEAC levels 
vary four- to fivefold among individual patients 
and are affected by age and differences in psycho- 
logical profile. 


TABLE 41.4 


Minimum Effective Analgesic 
Concentration (MEAC) in Blood for a 
Number of Analgesic Drugs. (Note the 
Wide Range of Values for Each Agent) 


Drug MEAC (ngmL~') 
Fentanyl 1-3 

Alfentanil 100-300 
Pethidine 300-650 
Morphine 12-24 
Methadone 30-70 
MEASUREMENT OF PAIN 


Although pain measurement is subjective, it is a use- 
ful tool to aid assessment of the patient and the effect 
of treatment. Patient and doctor recall of the effec- 
tiveness of previous treatment is an unreliable way of 
monitoring response to therapy, and it is much better 
to record some type of repeatable measure. Recently, 
pain it has been named as the fifth vital sign and many 
hospitals encourage/require nursing and medical staff 
to record a ‘Pain Score’ along with temperature, re- 
spiratory rate, pulse rate and blood pressure. Some 
simple ways of measuring pain are listed below. It is 
important to involve the patient in the assessment 
process because individual responses to treatment are 
so variable. Pain should be assessed on movement, not 
simply when the patient is lying perfectly still in an 
attempt to minimize discomfort. A typical standard 
movement is to ask the patient to reach over to the 
other side of the bed while in a lying or semirecum- 
bent position. 


= Verbal rating scales tend to be short, easy to ad- 
minister and easy to understand (e.g. ‘none, mild, 
moderate or severe’), but not as accurate as the 
methods below. 

m The Visual Analogue Scale (VAS) and the nu- 
meric rating scale (NRS) are validated in clinical 
use, but some patients find them more difficult 
to understand than scales using word descriptors. 
These scales are often understood better as a ver- 
tical score with increasing pain at the top and less 
pain at the bottom. The face pain scoring system 
used for children can be usefully applied to adults, 
particularly if their first language is not English. 


m A binary scale is one of the simplest to use. For 
example, ‘Is your pain at least 50% relieved?’ to 
which the patient answers yes or no. 

m A simple numerical scale is often used. For exam- 
ple 0-3, 0 representing no pain and 3 the worst 
pain ever. The advantage of this scale is that it is 
easy for the patient to remember the options and 
easy for nursing staff to record. 


All of these scoring systems function best for the 
patient’s subjective feeling of pain intensity at a spe- 
cific time i.e. present pain intensity. They can be used 
for pain in the last 24h or over the last week, but are 
limited by the patient’s memory of pain and altered by 
other events in the intervening time period. 


TREATMENT OF POSTOPERATIVE 
PAIN 


Treatment should aim to fulfil the following criteria: 


1. Easy to administer and understand 

2. Easy to assess effectiveness and side-effects 

3. Be administered using the gastrointestinal tract 
if possible 

4, Easy to train nursing and medical staff to use, 
monitor, and know of side-effects 

5. Cost-effective 

6. Efficacious 

7. Have few side-effects or side-effects which can 
be detected and easily reversed 

8. Easy to prescribe using standardised prescrip- 
tions 

9. Easy to place in a flow chart 


METHODS OF TREATING 
POSTOPERATIVE PAIN 


See Table 41.5. 


Traditional Administration of Opioids 


Intramuscular administration of opioids on a pro re 
nata (p.r.n.; as required) basis was traditionally the 
method used most commonly for prescribing post- 
operative analgesia. However, for the reasons noted 
above, this technique leads frequently to inadequate 
pain relief. Almost 60% of patients report dissatisfac- 
tion with the quality of postoperative analgesia admin- 
istered in this way. 
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TABLE 41.5 


Methods of Treating Postoperative Pain 
Traditional administration of opioid 


Intramuscular or subcutaneous on-demand bolus 


Parenteral administration of opioid 
Bolus intravenous administration 
Continuous intravenous infusion 


Patient-controlled analgesia 
Bolus intravenous 
Bolustinfusion 


Subcutaneous 


Non-parenteral administration of opioid 


Sublingual 
Oral 
Transmucosal 
Rectal 
Transdermal 
Nasal 
Inhalation 


Intra-articular opioids 


Local anaesthetic techniques 

Spinal/extradural opioids 

Entonox 

Non-steroidal anti-inflammatory drugs (NSAIDs) 
COX-2 selective inhibitors 

Paracetamol 

NMDA antagonists 

a „Adrenergic agonists 

Systemically 


Extradurally 


Non-pharmacological methods 


Cryotherapy 
Transcutaneous electrical nerve stimulation (TENS) 
Acupuncture 


Psychological methods 


Intramuscular injection results in variable absorp- 
tion, particularly in patients with hypothermia, hypo- 
volaemia, hypotension or excessive adipose tissue. This 
may result in the formation of a depot of opioid, which 
may be absorbed much later and may add to already 
adequate plasma concentrations of drug, resulting in 
toxicity. In addition, there is inevitably a considerable 


830 41 POSTOPERATIVE PAIN 


delay between a request for analgesia and subsequent 
administration while controlled drugs are checked and 
drawn into a syringe. Although it is customary to pre- 
scribe opioids on a 4-hourly p.r.n. basis, there are fre- 
quently much longer periods between injections and 
this may lead to considerable ‘breakthrough’ pain. 

Regular administration of intramuscular opioids 
provides improved analgesia, although care must be 
taken to avoid the formation of a depot of opioid as 
described above, or overdosage in debilitated patients 
and those at the extremes of age. Each injection should 
be at a different site to reduce the risk of accumula- 
tion in one site and to reduce the risk of changes in the 
muscle and skin composition. 

The advantages and disadvantages of repeated p.r.n. 
administration of opioids are listed in Table 41.6. The 
use of pethidine for postoperative pain relief is de- 
creasing because of the potential accumulation of the 
excitatory metabolite norpethidine with repeated use. 

The commonest cause of postoperative nausea and 
vomiting is the administration of opioids either intra- 
operatively or in the postoperative period. It should 
therefore be standard practice to prescribe antiemetic 
drugs regularly for administration with opioids. 
Drugs used commonly for postoperative pain and an- 
tiemesis are listed in Table 41.7; their pharmacological 
properties are discussed fully in Chapters 5 and 42. 


Subcutaneous Administration of Opioids 


Morphine may be given subcutaneously, and patients 
prefer this to intramuscular injections. A small-gauge 


TABLE 41.6 


Advantages and Disadvantages of 
Intramuscular p.r.n. Administration of 


Opioids 


Advantages Disadvantages 


Familiar practice Fixed dose not related to 


pharmacovariability 


Gradual onset of l.m. administration causes 


side-effects profound pharmacovariability 


Nursing assessment 
before administration 


Painful injections 


Inexpensive Fluctuating plasma 


concentrations 


Delayed onset of analgesia 


TABLE 41.7 


Drugs Used Systemically for Postoperative 
Pain Relief and Antiemesis 


Dose i.m. or s.c. 


Drug (Healthy Adult) 
Opioids 
Morphine 10 mg 4-hourly 


Pethidine 100 mg 3-hourly 


Buprenorphine (sublingual) 0.4 mg 6-hourly 


Tramadol 50-100 mg 4-6-hourly 


Moderate analgesics 


Ketorolac 10-30 mg 6-hourly 


Paracetamol 


1g 6-hourly 


Dihydrocodeine 50 mg 4-hourly 


Antiemetics 


Prochlorperazine 12.5 mg 6-hourly 


Cyclizine 50 mg 6-hourly 
Metoclopramide 10 mg 6-hourly 


Ondansetron 4mg i.v. 6-hourly 


cannula may be inserted subcutaneously and left in 
place for 2-3 days, avoiding the need for repeated skin 
punctures. Absorption of morphine from the subcu- 
taneous route is comparable with absorption from the 
intramuscular route. It is particularly useful in the elderly, 
in children and in adults with learning difficulties to ad- 
minister timely opioid analgesia when the other meth- 
ods described below are inappropriate or impractical. 


Algorithms for Opioid Administration 


Some acute pain services have constructed algorithms 
for postoperative intramuscular or subcutaneous opioid 
administration which other less experienced members 
of staff may then follow to provide safe and effective 
pain relief for their patients. Figure 41.5 is an example. 
Many operating theatre suite postoperative care areas 
also use algorithms for the intravenous administration 
of opioids either via single bolus or via a PCA pump. 
An important aspect of such algorithms is the frequent 
assessment of the patient to ensure safety and efficacy 
of the treatment. Clinical assessments include pain (at 
rest and on movement) and sedation scores, nausea 
and vomiting scores, respiratory rate, heart rate and 
arterial blood pressure. The algorithm includes a de- 
scription of recommended doses and instructions on 
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Subcutaneous (or i.m.) treatment of acute postoperative or acute severe pain 


Begin 


Pain score 
2 or 3? 


Wait 60 min from 
last opioid dose 


No i 
— in 


A 
Yes 
Seek medical ; 
Sedation score 1 or 2? No advice No Sedano Sore Tor a 
; . fo, : Respiratory rate >10? 
Respiratory rate >10? Consider : 
Systolic b.p >100 mmHg? 
A naloxone 
Yes 
60 min elapsed since 
the last dose? 
Yes 
e Give morphine dose 
Wait 15 e Limit of 2 doses in 2 h. 
min Medical review if more 
required 
Pain score 
0 =Nil 
1 = Mild 
2 = Moderate 
MORPHINE DOSE S= evere 
Age (years Dose (m ; f 
ge (years) (mg) Sedation score * Respiratory depression 
< 55 7.5-10 Draw up 400 ug (1 ml) of naloxone 
0 = None (awake) + 3 ml sodium chloride 0.9%. Give 
56-69 5-7.5 1 = Drowsy in 1 ml increments (i.v.) at 2-3 min 
70-85 25-5 2 = Asleep, rousable intervals until respiratory rate >10 
$ 3 = Asleep, unrousable and sedation score <2 


FIGURE 41.5 Ħ Subcutaneous (or intramuscular) treatment of acute postoperative or acute severe pain. 
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how to treat recognized side effects such as respiratory 
depression. An important feature of such algorithms is 
that they permit more frequent opioid administration, 
e.g. ‘2-hourly p.r.n.’. 


Sites of Action and Properties of Morphine and 
Morphine-Like Drugs 

Opioids act supraspinally (nucleus raphe magnus, 
periaqueductal and periventricular grey areas), in the 
spinal cord (around C-fibre terminals in lamina I and 
the substantia gelatinosa, lamina II), and peripherally 
(opioid receptors are transported peripherally in ax- 
ons, and are expressed by immune cells at the site of 
tissue damage). The actions of morphine are: 


m analgesia — morphine produces analgesia by 

binding with opioid receptors, which are present 

in high concentrations in the periaqueductal area 

and limbic system of the brain and in the region 

of the substantia gelatinosa of the spinal cord 

ventilatory depression 

sedation 

cough suppression 

vasodilatation 

release of histamine 

constipation 

nausea and vomiting 

pupillary constriction 

biliary spasm, this is now thought to be clinically 

insignificant. 

m urine retention 

m tolerance 

m physical dependence (although addiction to opi- 
oids is rare when they are used for the relief of 
acute postoperative pain) 

m reduced immune function with prolonged use 

= with prolonged use, an adverse affect on the pro- 
duction of sex hormones 

m recent animal studies indicate opioid-induced 
analgesia with increased postoperative pain fol- 
lowing intraoperative opiates e.g. remifentanil; 
the mechanism is thought to be complex, involv- 
ing central sensitization and numerous systems 
e.g. NMDA, 5HT,, CCK and Substance P. 


The most important side effects of morphine are 
ventilatory depression, and nausea and vomiting. 
Significant hypoxaemia may occur for several days 


postoperatively, and supplemental oxygen is recom- 
mended for at least the first 48-72h following major 
surgery, and in the elderly or high-risk patient regard- 
less of the analgesic method used. Purists advocate that 
morphine should not be administered to patients with 
biliary or renal colic (occasionally it may precipitate pain 
in patients with gallbladder disease when administered 
as premedication). However, in the clinical setting, it is 
seldom a problem and morphine is increasingly used as 
pethidine availability is reduced. Morphine should be 
used with care in patients with head injury and perhaps 
in asthmatics. Tramadol is an interesting synthetic an- 
algesic which has both opioid and non-opioid mecha- 
nisms of action and may produce analgesia with less 
respiratory depression, sedation, gastrointestinal stasis 
and abuse potential. Unfortunately, as with morphine, 
the use of tramadol is associated with nausea and 
vomiting. Tramadol does have significant side-effects, 
particularly in the elderly, and it has a narrow therapeu- 
tic window, numbers needed to harm being 9.0 and num- 
bers needed to treat being 3.9. 


Parenteral Routes of Opioid 
Administration 


Systemic opioids cannot relieve severe dynamic pain 
provoked by movement needed to get the patient out 
of bed or mobilizing bronchial secretions by forceful 
coughing without causing unacceptable side-effects. 
Patients and staff treating the patient should be aware 
of this and, if predicted, it should be alleviated us- 
ing multimodal techniques and/or local anaesthetic 
techniques. 


Bolus I.V. Administration 


It is possible to improve the quality of analgesia in 
the postoperative period by giving small incremental 
doses of opioid i.v when required. However, this car- 
ries the risk of rapid induction of ventilatory depres- 
sion and in many hospitals cannot be undertaken by 
nursing staff in the wards. In general, this technique is 
employed only by anaesthetists and experienced nurs- 
ing staff in the immediate recovery period. 


Continuous I.V. Infusion 

Continuous i.v. infusion (Table 41.8) is employed to 
provide analgesia in patients receiving artificial venti- 
lation in an intensive therapy unit (ITU). An infusion 


TABLE 41.8 


Advantages and Disadvantages of 
Continuous i.v. Infusions 


Advantages Disadvantages 
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TABLE 41.9 


Advantages and Disadvantages of 
Patient-Controlled Analgesia (PCA) 


Advantages Disadvantages 


Rapid onset of analgesia Fixed dose not related 


Steady-state plasma to pharmacodynamic 


concentrations variability 


Painless Errors may be fatal 


Expensive fail-safe 
equipment required 


May result in less frequent 
assessment by nursing staff 


rate designed to exceed MEAC in all patients is clearly 
safe and ventilatory depression is an advantage in this 
situation. 

Continuous infusions have been used in general 
surgical wards for the provision of postoperative an- 
algesia in spontaneously breathing patients. The dos- 
age rate is determined by the medical attendant on 
a trial-and-error basis, and a fixed infusion rate pre- 
scribed. However, this carries great risks of producing 
ventilatory depression and cannot be recommended 
in spontaneously breathing patients outside a high- 
dependency unit or ITU. 


Patient-Controlled Analgesia 


The main problem with continuous i.v. infusion is that 
there is no way of predicting an individual patient’s 
MEAC. With patient-controlled analgesia (PCA), the 
patient determines the rate of i.v. administration of the 
drug, thereby providing feedback control. 

PCA equipment comprises an accurate source of 
infusion coupled to an i.v. cannula, and controlled by 
a patient-machine interface device. Safety features are 
incorporated to limit the preset dose, the number of 
doses, which may be administered and the ‘lockout’ 
period between doses. Advantages and disadvantages 
of PCA are listed in Table 41.9. 

The drug that has been used most commonly 
with PCA is morphine. The size of the demand dose 
is usually 1-2 mg with a lockout period of between 5 
and 10min. Fentanyl (10-20 ug), pethidine (10mg), 
oxycodone (0.5-1.0 mg) and hydromorphone (0.2 mg) 
may also be used for intravenous PCA. Although there 
may be some theoretical advantage in the use of a 


Dose matches patient’s Technical errors may be fatal 


requirements and Expensive equipment 
therefore compensates for 


pharmacodynamic variability 


Requires ability to 
cooperate and understand 


Doses given are small and 
therefore fluctuations in 
plasma concentration is 
reduced 


Reduces nurses’ workload 


Painless 


Placebo effect from patient 
autonomy 


continuous low-dose infusion on which the patient 
may superimpose demand bolus administrations, 
several clinical investigations have failed to reveal 
any advantage. Because of the slightly increased risk 
of overdosage, therefore, it is generally recommended 
that PCA apparatus be used in the ‘bolus alone’ mode. 

Intravenous PCA is now a standard method of 
providing postoperative analgesia in many hospitals 
worldwide. It provides better pain relief than conven- 
tional intermittent intramuscular administration. It is 
essential that monitoring of the patient is not reduced 
because respiratory depression may occur with this 
technique and many patients may require antiemetics 
for nausea. If the pump is being used to deliver mor- 
phine via an intravenous infusion, it is essential that a 
one-way valve is incorporated between the PCA equip- 
ment and the infusion giving set in order to prevent 
morphine collecting in the giving set if the cannula 
becomes occluded; if this happens, a large bolus may 
be delivered at a later time, with possible lethal effects. 

The effective and safe use of PCA requires frequent 
monitoring of the patient by nurses who have had 
in-service training and accreditation in the use of the 
drugs and devices. There is evidence that PCA is more 
effective when it is overseen by an acute pain service 
involving pain nursing staff and pharmacists. Standard 
PCA prescription orders and drug dilutions may mini- 
mize complications. PCA may also be used to deliver 
opioids subcutaneously or epidurally. 
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Non-Parenteral Opioid Administration 

(see Table 41.10) 

Sublingual Opioids 

Sublingual administration requires cooperation. With 
buprenorphine, good analgesia may be provided 
without the need for painful injections, making this 
route popular with patients and convenient for nurs- 
ing staff. 

This route is confined largely to buprenorphine. 
Combination with morphine may result in dysphoria 
and withdrawal phenomena. If this route is chosen, it 
is preferable to use buprenorphine as the sole opioid 
in the perioperative period, although, as it is a partial 
opioid agonist, it has a ceiling effect for analgesia. 


Oral Route 


All the opioids undergo extensive metabolism in the 
gut wall and liver (first-pass metabolism) and there- 
fore the bioavailability is relatively low (e.g. 20-30% 
for morphine). Oxycodone (UK; OxyNorm) undergoes 
less biotransformation, acts rapidly, and is therefore 
a useful oral opioid for the relief of severe pain (e.g. 
5-10mg, 2-3-hourly). Oxycodone is also available as a 
sustained-release preparation and an injectable form. 
In the immediate postoperative period, there is invari- 
ably a reduction in the rate of gastric emptying (caused 


mainly by the intraoperative or preoperative use of 
opioids). For this reason, care should be taken if opioids 
are used orally for pain relief in the postoperative period. 


= Absorption may be delayed, with poor analgesia. 

= If opioids have been given orally on a regular ba- 
sis, there is a danger of a large dose being pro- 
pelled into the upper gastrointestinal tract when 
gastric motility returns to normal, resulting in 
overdosage and ventilatory depression. 


If normal gastric emptying has resumed, then oral 
opioids may be used safely and effectively after surgery 
to provide analgesia without the need for injections. 


Transmucosal 


Oral transmucosal fentanyl citrate has been prepared 
as a palatable solid matrix (presented as a lollipop) 
for use as a pre-anaesthetic medication in children. 
The time to the onset of pain relief is of the order of 
9min, and both transmucosal (buccal) and gastric 
routes contribute to the absorption of fentanyl. These 
are also available for specific acute pain conditions in 
some hospitals. Recent advances have introduced ef- 
fervescent fentanyl tablets; the product licence is re- 
stricted to cancer pain but they are available in some 
hospitals for specific acute pain conditions under the 
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Analgesics, Route of Administration and Efficacy on Types of Pain 


Analgesic Route of Administration Potency Type of Pain 

Paracetamol Oral, rectal, i.v. Mild Nociceptive/inflammatory 

Codeine Ora Mild Nociceptive/inflammatory 

Paracetamol/codeine combinations Ora Mild Nociceptive/inflammatory 

Tramadol Oral, i.m., i.v. Moderate Nociceptive/inflammatory/ 
neuropathic 

NSAIDS Oral, rectal, i.m., i.v. Mild Nociceptive/inflammatory 

Oramorph Ora Strong Nociceptive 

Morphine l.v., long-acting oral, i.m., s.c Strong Nociceptive 

Fentanyl l.v., patch, submucosal Strong Nociceptive 

Oxycodone l.v., oral Strong Nociceptive 

Pethidine l.v., i.m., oral Strong Nociceptive 

Antiemetics Oral, i.m., i.v., S.C. N/A N/A 

Antispasmodics Oral, i.v., i.m. N/A visceral 


direct supervision of the Inpatient Pain Team. Side- 
effects include nausea and vomiting, and hypoxaemia. 
Fentanyl is highly addictive and should not be used in 
these formulations over a pronged period of time (for 
more than 2-3 days) for acute pain, for undiagnosed 
pain or in patients with a history of drug or alcohol ad- 
diction. Advice from the Inpatient Pain Team should 
be sought before these medications are started. 


The Rectal Route 


The rectal route may be used as a means of delivering 
morphine but there is marked variability in the plasma 
concentrations achieved. Venous blood from the lower 
part of the rectum drains directly into the systemic 
circulation, but the upper part drains into the portal 
circulation. Thus, bioavailability varies according to 
the site of a suppository within the rectum. However, 
this route avoids the problems of reduced gastrointes- 
tinal motility. Probably the best indication for the rec- 
tal route is the treatment of chronic intractable pain, 
particularly when there is dysphagia. 


Inhaled/Intranasal 


Intranasal spray devices for fentanyl are now avail- 
able in some countries. Inhaled opioid preparations 
are being developed with metered inhalers, improved 
pulmonary drug delivery systems and lockout times, 
and in the future they may allow noninvasive PCA 
administration. 


Transdermal 


Because of the high lipid solubility and high potency 
of fentanyl, this drug is absorbed across the skin in 
sufficient quantities to produce effective plasma con- 
centrations. Transdermal fentanyl patches are available 
with delivery rates from 12.5 to 100 ugh™'. Because of 
the difficulty in matching transdermal patches of dif- 
fering strengths to the pharmacodynamic variability 
among different patients, this technique is not suitable 
for management of acute pain, but is used for the relief 
of cancer or chronic nonmalignant pain. 


Intra-Articular and Intraperitoneal 


Opioids with or without a local anaesthetic are used 
to provide postoperative analgesia. The surgeon usu- 
ally administers these medications after the operative 
procedure, as the surgery is ending. 
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REGIONAL ANAESTHESIA AND PAIN 
MANAGEMENT 


Recent literature reviews have indicated that regional 
techniques are superior to systemic opioids with re- 
gard to analgesic profile and adverse effects in the 
context of a wide variety of surgical procedures. 
Regional analgesic techniques decrease multisystem 
comorbidity and mortality following major surgery in 
high-risk patients. A systematic review in 2000 com- 
pared central neuraxial blocks with systemic (mainly 
opioid-based) analgesia. The review found that the 
use of central neuraxial blockade was associated with 
significantly less morbidity and a reduction in mortal- 
ity of up to one-third. Respiratory complications were 
reduced by 39%, pneumonia by 59%, deep venous 
thrombosis was decreased by 44% and pulmonary 
embolism by 55%. 


Local Anaesthetic Techniques 


Many local anaesthetic techniques, administered for 
the purpose of operative surgery or during the course 
of general anaesthesia, may provide excellent analgesia 
in the early postoperative period. However, it is usually 
necessary for the anaesthetist to administer an opioid 
to the patient before the block regresses to reduce the 
likelihood of severe pain when the block wears off. 

Local anaesthetic techniques may be used for the 
primary purpose of providing analgesia in the early 
postoperative period. However, a major disadvantage 
is that the duration of blockade with a ‘single-shot 
technique is relatively short. Bupivacaine (0.25% or 
0.5%) has been the drug of choice and may produce 
peripheral nerve blockade lasting for 8—12h and oc- 
casionally for as long as 18h. The duration of action 
for epidural nerve block is 4—6h. Ropivacaine has 
similar local anaesthetic characteristics to those of bu- 
pivacaine, but with less cardiac toxicity. Ropivacaine is 
available as 2, 7.5 and 10mgmL"'! preparations; mo- 
tor blockade is less at low doses than with bupivacaine. 
Levobupivacaine is the single ‘S’ isomer derivative of 
bupivacaine, has similar local anaesthetic properties, 
but with the theoretical promise of less cardiotoxicity. 
Levobupivacaine is available as 2, 5 and 7.5 mg mL“ 
preparations 

Adrenaline may be added to a local anaesthetic 
solution to prolong the block, although this produces 
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relatively little effect on the duration of analgesia pro- 
duced by bupivacaine or ropivacaine. The most ef- 
fective means of prolonging the block is by the use of 
a catheter to permit either repeated bolus doses or a 
continuous infusion of local anaesthetic. The recent 
introduction of elastomeric pumps allowing ambu- 
latory continuous infusion of local anaesthetics has 
been a welcome addition to the Inpatient Pain Team 
armoury. These pumps give a continuous set rate in- 
fusion of local anaesthetic over a preset time; various 
preset times and doses are available. 

Local anaesthetic blocks in common use are de- 
scribed in Chapter 24. The following blocks repre- 
sent those which are most useful for postoperative 
analgesia. 


Spinal Nerve Block 


Subarachnoid analgesia rarely lasts more than 3-4h 
with the drugs currently available and is therefore of 
limited use for postoperative analgesia, although there 
is evidence that intrathecal analgesia may modify the 
physiological changes associated with surgery. The 
insertion of a catheter into the subarachnoid space is 
used in the USA; this is not a popular manoeuvre in 
the UK or Australia. 


Epidural Block 


Epidural block is popular for postoperative analgesia 
because of familiarity with the technique and ease of in- 
sertion of a catheter. Epidural analgesic techniques can 
provide superior postoperative analgesia and modify 
the physiological changes associated with some forms 
of surgery. Postoperative epidural analgesia can re- 
duce the incidence of pulmonary morbidity. However, 
epidural techniques also have uncommon but serious 
risks attached to catheter insertion and removal (e.g. 
epidural haematoma) and the risk:benefit ratio for 
each patient must be considered. Repeated injections 
may be made through the catheter or a dilute solution 
of local anaesthetic infused continuously (usually 0.1 
or 0.125%). Initially, bupivacaine produces analgesia 
lasting up to 4h, but by 24—48 h, some tolerance devel- 
ops and single-bolus administrations may last for only 
2h. Ropivacaine, in low doses, may offer the advantage 
of producing similar sensory block with less motor im- 
pairment. Levobupivacaine produces local anaesthetic 
effects similar to those of bupivacaine. 


Bupivacaine 0.25% injected at L2/3 provides good 
analgesia after lower abdominal or perineal surgery, 
e.g. hysterectomy or transurethral resection of pros- 
tate. Upper abdominal procedures require a higher 
block, performed usually in the lower thoracic spine. 

For thoracic surgery, an epidural catheter may be 
inserted in the thoracic region between T6 and T8, and 
volumes of bupivacaine of 6-12 mL may provide ex- 
cellent postoperative analgesia. 

An opioid can be added to the continuous infusion 
of local anaesthetic or to bolus doses. Usually, fen- 
tanyl 2 1gmL"! or 4g mL" (occasionally 5 pg mL") is 
added to infusion solutions. However, fentanyl has too 
short a duration of action for single bolus epidurals 
without infusion and diamorphine is preferred. There 
is inconclusive evidence in the adult population of ef- 
fectiveness using other adjuvants such as clonidine, 
magnesium and midazolam, and there is some con- 
cern regarding neurotoxicity. 

Recently, liposomal delivery systems have been de- 
veloped to provide a reservoir of drug and are used 
to prolong the duration of action of the medication. 
Liposomes are microscopic lipid vesicles which, when 
placed in aqueous suspension, form a central aqueous 
central compartment surrounded by a lipid bilayer. 
Drugs can be placed either in the central aqueous 
compartment or in the lipid bilayer and can diffuse 
from one compartment to the other. The liposome 
provides a reservoir of drug large enough to prevent 
redistribution from the site of injection, reducing the 
risk of systemic toxicity because only a fraction of the 
drug is bioavailable. Both local anaesthetics and mor- 
phine have been used in these systems with promis- 
ing results. However, the safety of liposomes has yet to 
be established, with concerns regarding neurotoxicity 
and liposomal breakdown resulting in rapid release of 
free drug. 

In general, it is recommended that epidural cath- 
eter techniques should be used only when the pa- 
tient is nursed in a High Dependency Unit, because 
of the risks of hypotension after epidural injections 
and total spinal block if the catheter migrates into 
the subarachnoid space. However, in some institu- 
tions, continuous infusion epidural techniques are 
managed on general wards, but only with the benefit 
of adequate medical and nursing staff training and 
experience, support from the Inpatient Pain Team 


and the existence of clear protocols for monitoring 
and early detection of side-effects. This is becoming 
more common due to the increasing complexity of 
surgery, familiarization with the technique, great de- 
mand for high dependency beds and patients’ knowl- 
edge and expectations of postoperative analgesia. 
Patient information leaflets have been written by the 
Royal College of Anaesthetists and the Association 
of Anaesthetists and are available on their web sites. 

Some institutions also allow the use of patient- 
controlled epidural analgesia (PCEA) on the general 
wards, often very successfully. 


Potential Advantages of Epidural Analgesia 

= Superior pain relief. 

m Starting analgesia before surgical incision may 
reduce postoperative pain by decreasing nervous 
system sensitization. 

= Improved postoperative respiratory function. 

= Reduction in the stress response to surgery after 
lower abdominal and lower limb surgery (mini- 
mal effect after upper abdominal or thoracic 
surgery). 

m Reduction in the hypercoagulable state after ma- 
jor surgery; there are decreased incidences of 
deep venous thrombosis and pulmonary embo- 
lism after hip surgery. 

m Reduced intraoperative blood loss during sur- 
gery on the lower part of the body. 

= Improved postoperative gut function, facilitating 
early enteral nutrition. 

= Earlier ambulation and potentially reduced hos- 
pital stay. 

m Several studies have indicated improved quality 
of life post operatively compared with i.v. PCA. 


Potential Complications of Epidural Analgesia 

= Dural puncture (0.6-1.3%). 

= Epidural haematoma — the risk is increased by 
impaired haemostasis when the catheter is in- 
serted or removed. Guidelines must be followed 
for concomitant prophylactic low-molecular 
weight heparin and low-dose heparin therapy. 

= Epidural abscess, meningitis and direct neuro- 
logical damage. 

m Systemic local anaesthetic toxicity. 

= Total spinal anaesthesia. 
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m Sympathetic blockade (haemodynamic effects), 
urinary retention and motor block. 


Haematoma and Abscess after Epidural Analgesia. 
In recent years, there has been an increase of epidural 
analgesia alongside the increased use of prophylac- 
tic anticoagulation and low-dependency care of pa- 
tients with indwelling catheters. The Royal College 
of Anaesthetists carried out a national audit to de- 
termine the incidence of these serious complications. 
The overall risk of permanent injury associated with 
the use of epidural analgesia was approximately 1 in 
20000. However, there were large differences in the 
risk depending on the indication for epidural block. 
In obstetric practice, the risk of permanent injury was 
about 1 in 200000, but when epidural analgesia was 
used after major surgery, the risk was much greater, 
about 1 in 8000. 

Several issues have been raised regarding the detec- 
tion and management of these complications: 


1. Failure of the medical and nursing teams to rec- 
ognize or appreciate new neurological signs in a 
patient with an epidural catheter in situ. 

2. Failure to perform an MRI scan and act on the 
results. 

3. Failure to have protocols in place for the man- 
agement of epidural haematoma and epidural 
abscess on the wards and after discharge. 


A possible protocol (adapted from Meikle et al 
2008) for the detection of complications in patients 
with indwelling postoperative epidural catheters and 
infusions could be: 


m assessment of motor block at least every 4h 

m assessment and observations should continue for 
at least 24h after removal of the catheter 

m a senior designated person should be responsible 
for investigating signs suggestive of an epidural 
haematoma or abscess 

m in the absence of a recent local anaesthetic bo- 
lus, a significant deterioration in motor function 
should prompt immediate contact of the desig- 
nated person 

m if motor block can possibly be attributed to a local an- 
aesthetic bolus, re-assessment should occur 2h later 

m if an epidural infusion is running it should be 
turned off and the patient re-assessed 2h later; 
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if the motor block has not resolved then epidural 
haematoma or abscess should be considered un- 
til proven otherwise 

m once an epidural haematoma or abscess is sus- 
pected, an immediate MRI should be organized; 
a protocol should be agreed in advance with the 
diagnostic imaging service 

= if MRI scanning is not available in the local hos- 
pital or there will be delay then the patient should 
be referred urgently to a neurosurgical unit to be 
scanned; it may be appropriate to arrange a protocol 
or patient pathway with the local neurosurgical unit 
to minimize delays in investigation and treatment. 


Caudal Block 


Caudal administration of local anaesthetic drugs is 
useful for child day-case surgery, e.g. circumcision, 
or in patients undergoing anal or perineal surgery. It 
is customary to administer only a single dose of local 
anaesthetic; catheter techniques are unpopular in the 
UK because of the risk of infection. Suitable doses of 
local anaesthetic solution for use by the caudal route 
are shown in Table 41.11. 


Other Regional Blocks Used for Postoperative 
Analgesia 


Intercostal nerve blockade. Blocks from T4 to T8 or 9 
provide satisfactory analgesia for pain relief after sub- 
costal incision for cholecystectomy, fractured ribs or 
thoracotomy. Intercostal blocks may be repeated at 
regular intervals; catheters have been used for repeated 
administration. Bilateral blockade should not be car- 
ried out because of the risk of pneumothorax. 
Paravertebral block. This may be used to provide 
analgesia after thoracic or abdominal surgery. Local 
anaesthetic solution is injected into the region of the 
paravertebral space to block the dorsal sensory nerve 


TABLE 41.11 


Doses of Bupivacaine (0.25% Plain) for 
Caudal Analgesia 


Adult Child 


0.3-0.4mLkg" 0.5-0.7 mLkg" (or 0.1 mL 
year” for each segment to 


be blocked) 


N.B. Dosage of bupivacaine should never exceed 2mgkg"'. 


roots as they emerge from the vertebral foramina. This 
technique may be performed using single or repeated 
injections or with an indwelling catheter. 

Interpleural analgesia may be used to provide uni- 
lateral analgesia after thoracotomy, breast surgery 
open cholecystectomy and renal surgery. The use of in- 
terpleural analgesia can improve postoperative respi- 
ratory function, although the presence of intercostal 
chest drains or haemothorax may diminish the effec- 
tiveness of this procedure. 

Brachial plexus analgesia, using a catheter placed 
close to the plexus and a continuous infusion of lo- 
cal anaesthetic, covers almost all of the upper limb and 
produces a sympathetic block which may be beneficial 
following plastic surgery. 

Femoral nerve block, using a continuous infusion 
technique, is useful for relief of pain after knee surgery 
and may facilitate recovery after knee arthroplasty 

Combined ilioinguinal and iliohypogastric nerve 
block is a safe and effective regional technique for post- 
operative pain control after inguinal hernia repair. 

Wound infiltration after minor or paediatric surgery 
is an established analgesic technique for pain relief, but 
the benefit after major surgery is not clear. Portable 
continuous infusion devices have been developed to 
allow prolonged administration of local anaesthet- 
ics after surgery, e.g. to provide good analgesia after 
shoulder surgery. 

Rectus sheath block is used for diagnostic and inter- 
ventional laparoscopy. It is more effective for incisions 
limited to the midline. Large volumes of local anaes- 
thetic should be instilled bilaterally. 

Transversus abdominis plane (TAP) block is a rela- 
tively new technique with the instillation of 15-20 mL 
of local anaesthetic into the neurofascial plane between 
internal oblique and transverses abdominis, either by 
the surgeon under direct vision or by the anaesthetist 
using ultrasound guidance. Within this plane run the 
afferents of T6—-L1 which provide sensation to the an- 
terior and lateral abdominal wall. These nerves then 
form a plexus or directly supply the superficial mus- 
culature and skin of the anterior abdominal wall. The 
two most popular sites to enter the TAP are in the lower 
abdominal wall, the so-called posterior approach into 
the triangle of Petit and the subcostal approach in the 
upper abdominal wall. Both can utilize a single bolus 
or continuous catheter techniques. 


Spinal and Epidural Opioids 

In recent years, there has been great interest in the use 
of opioids by the subarachnoid or epidural routes. 
After injection of opioid into the cerebrospinal fluid 
(CSF), drug is taken up in the region of the substan- 
tia gelatinosa within the dorsal horn. It is thought that 
opioids act predominantly on the presynaptic enkeph- 
alin receptors, although opioid is absorbed from the 
CSF into the circulation. After epidural administration 
of opioids, the drug diffuses through the dura into the 
CSF and produces analgesia by the same mechanism as 
that associated with subarachnoid injection. However, 
there is more rapid uptake of opioid into the circula- 
tion via the rich network of blood vessels in the epi- 
dural space. Consequently, there is a rapid increase in 
both CSF and blood concentrations of the drug after 
epidural administration. 

Uptake into the dorsal horn and rate of passage 
through the dura are dependent upon lipid solubility. 
Thus, the more highly lipid-soluble drugs (e.g. fen- 
tanyl) have a more rapid onset and a shorter duration 
of action. The less lipid-soluble drugs (e.g. morphine) 
have a slower rate of onset of action; in addition there is 
a greater dispersion within the CSF because of reduced 
uptake into the spinal cord and the drug may reach the 
medulla to cause delayed ventilatory depression. 


Subarachnoid Opioids 


This route is less popular than the epidural route of 
administration for opioids because of the production 
of post-dural puncture headache. However, smaller 
doses are required than with the epidural route and 
therefore systemic concentrations are lower. The qual- 
ity of analgesia is not as good as that achieved with 
subarachnoid local anaesthetic drugs. 


Epidural Opioids 

The administration of epidural opioids is more popu- 
lar because spinal headache is avoided and a catheter 
technique may be used. It is possible to achieve anal- 
gesia without the motor or autonomic block produced 
by local anaesthetic injected into the epidural space. 
Thus, postural hypotension and changes in heart rate 
do not occur. Early ventilatory depression may occur 
as a result of systemic absorption (e.g. within the first 
1-2h), but late ventilatory depression (8—20h) is a re- 
sult of rostral spread of opioid within the CSF to the 
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medulla. Prolonged duration of action of analgesia is 
produced by a single injection (up to 24h). 

A recent analysis of five randomized trials on epi- 
dural morphine determined three main findings: 


1. Epidural morphine gives greater patient satis- 
faction despite relatively high rates of adverse 
events. 

2. Moderate to severe pruritus is more common 
with i.v. PCA and epidural morphine than i.v. 
PCA and placebo. 

3. Extended-release morphine had lower pain 
scores with less i.v. PCA opioid. 


Side Effects of Epidural Opioids 
m Early ventilatory depression occurs more com- 
monly with lipid-soluble agents. 
m Late ventilatory depression occurs more com- 
monly with agents of lower lipophilicity. 
= Coma occurs relatively late, usually in association 
with late ventilatory depression, and can be re- 
versed by naloxone. 
m Urinary retention. 
Itching is reversed only partially by naloxone. 
Nausea and vomiting. 


Epidural opioids are more effective when used in 
combination with local anaesthetics to produce a syn- 
ergistic analgesic action. This reduces the necessary 
dose and the side-effects which would be associated 
with the local anaesthetic or the opioid alone. For ex- 
ample, continuous epidural infusion of a combined 
solution of a low concentration of bupivacaine with 
fentanyl provides a good postoperative analgesia with 
minimal side-effects. As discussed above, the recent 
development of liposomal delivery systems may re- 
duce the need for infusions of epidural opioids. 


Inhalation of Volatile or Gaseous 
Anaesthetics 


Although volatile anaesthetics were used in the past, 
the only agent in current use is N,O. This is admin- 
istered in the form of Entonox (premixed 50% N,O, 
50% O,) usually via a demand valve and facemask. 
Entonox is used extensively in obstetric analgesia, in 
the field situation (e.g. by ambulance personnel to pro- 
vide analgesia at the site of an accident) and occasion- 
ally in the wards during change of surgical dressings 
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(protocols often exist for its use on general wards). 
The potential spinal cord and haematological adverse 
effects of nitrous oxide, via interference with vitamin 
B,, metabolism, may prevent repeated use. 


Non-Steroidal Anti-Inflammatory Drugs 
(NSAIDs) and Selective Cox-2 Inhibitors 


The use of NSAIDs (cyclo-oxygenase inhibitors) for post- 
operative pain relief is now routine practice. NSAIDs may 
be given orally, rectally (e.g. diclofenac 100mg) or intra- 
venously (e.g. ketorolac 10mg, Dyloject 75mg). NSAIDs 
produce pain relief without sedation, respiratory depres- 
sion or nausea and vomiting, but their use is limited by 
gastric, renal and platelet side-effects. A recent authorita- 
tive and extensive review of the published literature con- 
cerning NSAIDs drew the following conclusions. 


= NSAIDs are not sufficiently effective as the sole 
analgesic agent after major surgery. 

m NSAIDs are often effective after minor or outpa- 
tient surgery. 

= NSAIDs often decrease opioid requirement by 
reducing the excretion of the active metabolite 
morphine-6 glucuronide. Significant reduction 
in opioid side-effects has been noted in a few 
studies only. 

m The quality of opioid-based analgesia is often en- 
hanced by NSAIDs. 

m NSAIDs increase bleeding time and some studies 
have shown increased blood loss after surgery. 


The major adverse effects of NSAIDs for surgical 
patients are those involving the gastrointestinal sys- 
tem, renal and platelet function, and aspirin-induced 
asthma in susceptible patients. The adverse effects of 
NSAIDs are serious, and contraindications (e.g. peptic 
ulceration, bleeding diathesis, renal impairment, aspirin- 
induced asthma) must be respected. The incidence and 
severity of NSAID-related adverse effects are greater in 
elderly patients. Aspirin is contraindicated in children 
less than 12 years of age. There have been case reports 
of sudden renal dysfunction in patients given NSAIDs 
perioperatively; risk factors for this may include neph- 
rotoxic antibiotics (e.g. gentamicin), raised intra- 
abdominal pressure during laparoscopy, hypovolaemia 
and age greater than 65 years. 

New drugs have been developed which selectively 
inhibit the inducible cyclo-oxygenase enzyme, COX-2, 


and spare the constitutive, COX-1, enzyme. Most con- 
ventional NSAIDs in clinical use are nonselective inhib- 
itors of COX-1 and COX-2, and many of the side-effects 
of the older drugs may be by COX-1 inhibition and 
disruption of physiological prostaglandin production. 
COX-2 is induced by tissue damage and inflammation, 
and selective inhibitors of this enzyme produce analge- 
sia with fewer side-effects. Studies have confirmed that 
COX-2 inhibitors produce effective analgesia after sur- 
gery, similar to that of the NSAIDs. There is encouraging 
evidence that COX-2 inhibitors have less gastrointesti- 
nal side-effects, but the effect on the kidneys is similar 
to that of conventional NSAIDs. As platelets produce 
thromboxane for aggregation via COX-1 only, COX-2 
inhibitors do not affect platelet function and have been 
shown to be associated with lower surgical blood loss. 
The role of COX-2 inhibitors in producing a tendency 
to thrombosis, by inhibition of endothelial prostacyclin 
but no antiplatelet effect, is a significant disadvantage 
which has led to the withdrawal of rofecoxib and restric- 
tions on the use of other agents. There is evidence that 
COX-2 inhibitors are tolerated well by individuals who 
suffer from aspirin-induced asthma. 


Paracetamol 


Paracetamol is a useful adjunct to opioids in the treat- 
ment of postoperative pain, with fewer contraindica- 
tions than the NSAIDs. It is analgesic and antipyretic, 
but not anti-inflammatory. The mechanism of action 
is unclear, but may involve the selective inhibition of 
prostaglandin synthesis in the central nervous system, 
perhaps by inhibition of another cyclo-oxygenase sub- 
type, COX-3. In adults with normal hepatic and renal 
function, the recommended dose is 500-1000 mg orally 
or rectally every 3—6 h when necessary, with a maximum 
daily dose of 6g for acute use and 4g for chronic use. 
Care must be taken to avoid inadvertent paracetamol 
overdosage and resultant hepatic and renal toxicity. 
An intravenous preparation is available and has been 
shown to be an effective postoperative analgesic. 


NMDA Antagonists 


The activation by excitatory amino acids (glutamate) 
of spinal cord dorsal horn N-methyl-p-aspartate 
(NMDA) receptors is essential for the development of 
central sensitization. The anaesthetic agent ketamine 
is a potent NMDA receptor antagonist. Low-dose 


subcutaneous or intravenous ketamine infusions 
(5-15mgh") produce significant pain relief after sur- 
gery. Studies have shown that ketamine added to mor- 
phine PCA can decrease opioid hyperalgesia, prevent 
opioid tolerance and lower morphine consumption. 
Unfortunately, the side-effects of ketamine, including 
hallucinations, limit its use. Dextromethorphan is an 
alternative NMDA receptor antagonist which has been 
shown to reduce opioid requirements following oral 
surgery and during abdominal surgery. 


Other Drugs 


Intravenous lidocaine given intraoperatively and as a 
postoperative infusion for 24h has been shown to im- 
prove postoperative analgesia, fatigue and bowel func- 
tion after laparoscopic cholecystectomy. 

Oral gabapentin has been shown to reduce mor- 
phine use after total abdominal hysterectomy, although 
the number of trials is small. 


Non-Pharmacological Methods 
Cryotherapy 


This may be applied to intercostal nerves exposed during 
a thoracotomy. The nerve is surrounded by an ice-ball 
produced by intense sub-zero temperatures at the end 
of a probe. The neuronal disruption produced by this 
method is temporary and sensation returns after some 
months, although it may be accompanied by unpleasant 
paraesthesiae and occasionally by persistent neuralgia. 


Transcutaneous Electrical Stimulation 


A small alternating current is passed between two 
surface electrodes at low voltage and at a frequency 
of 0.2-200 Hz. It is thought that the technique acts 
by increasing CNS concentrations of endorphins. 
Acupuncture may work in a similar manner. The tech- 
nique produces only moderate analgesia. 


Acupuncture 


Acupuncture has been assessed as a technique for 
postoperative pain relief. There is evidence that acu- 
puncture reduces pain and analgesic consumption 
after dental and abdominal surgery, although there 
is some variability in the method of administration. 
Acupuncture has also been shown to be efficacious in 
the reduction/prevention of postoperative nausea and 
vomiting. 
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PRE-EMPTIVE ANALGESIA 


The importance of peripheral and central sen- 
sitization in amplifying pain perception has di- 
rected research towards preventing these processes. 
Experimentally, it has been shown that nociceptive 
stimulation from the periphery causes functional 
changes in the spinal cord, which lead to enhance- 
ment and prolongation of the sensation of pain. It 
has also been shown that prior administration of 
analgesics may inhibit the development of the hy- 
perexcitability within the spinal cord. Unfortunately 
however, in clinical practice, prior administration 
of analgesics (pre-emptive analgesia) has not been 
shown to have an important effect on postopera- 
tive pain. Further studies are being performed on 
pre-emptive analgesia, incorporating additional 
strategies to prevent and modulate the prolonged 
neuronal input to the spinal cord from the periph- 
eral tissue inflammatory process. 


BALANCED (MULTIMODAL) 
ANALGESIA 


The concept of balanced analgesia is analogous to that 
of balanced anaesthesia. It is possible to block the de- 
velopment of pain by the use of a combination of dif- 
ferent drugs acting at different sites: peripherally, on 
somatic and sympathetic nerves, at spinal cord level 
and centrally. The benefit of this technique is that not 
only may superior analgesia be achieved by a combi- 
nation of drugs but also their individual doses may 
be reduced, thereby decreasing the incidence of side- 
effects. For example, after thoracotomy, the addition 
of an NSAID to a regimen based on intercostal nerve 
blocks and PCA morphine significantly improves 
analgesia. 

Pain transmission may be blocked clinically at the 
following sites: 


m inhibition of peripheral nociceptor mechanisms 
using NSAIDs, COX-2 inhibitors, steroids or 
opioids 

m blockade of afferent neuronal transmission using 
peripheral, epidural or spinal local anaesthetic 
administration 

m interference at both spinal cord level and higher 
centres using spinal and systemic opioids. 
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The use of non-opioid analgesics in multimodal 
analgesia minimizes opioid side-effects, including 
gastrointestinal stasis. After bowel surgery, multi- 
modal analgesia (an epidural infusion of a low-dose 
local anaesthetic and opioid mixture, and systemic 
NSAID) produces excellent pain relief, avoids the 
need for systemic opioids and speeds the recovery of 
gastrointestinal function. This facilitates early mobili- 
zation of the patient and a more rapid return to en- 
teral nutrition. 

Typically, for minor surgery, e.g. hernia repair on 
a day-case basis, the anaesthetist may employ multi- 
modal or balanced analgesia in the form of: 


m preoperative administration of a mild oral an- 
algesic, e.g. paracetamol and an NSAID or a 
COX-2 inhibitor; this can be achieved using 
Patient Group Directives allowing nursing staff 
to administer these drugs preoperatively. 

m administration of fentanyl  intraopera- 
tively+tramadol 

m local anaesthetic block using ilioinguinal and ilio- 
hypogastric nerve blocks and wound infiltration 

m the use of NSAIDs in the form of a diclofenac 
suppository 100 mg, or a COX-2 inhibitor. 


With this technique, patients frequently do not re- 
quire supplementary opioids postoperatively and may 
be managed on a day-case basis using simple oral an- 
algesics in the postoperative period, e.g. paracetamol. 
Oral tramadol may be useful if stronger postoperative 
analgesia is required. 


NEUROPATHIC PAIN IN THE 
POSTOPERATIVE PERIOD 


The possibility of the development of neuropathic 
pain should be borne in mind after surgery, as it is of- 
ten missed in patients with acute pain and may require 
specific therapy (see Ch 46). A useful definition of neu- 
ropathic pain is ‘pain associated with injury, disease or 
surgical section of the peripheral or central nervous sys- 
tem’. One diagnostic clue after surgery is an unexpected 
increase in opioid consumption, because neuropathic 


pain often responds poorly to normal doses of opioids. 
Features suggestive of neuropathic pain include: 


m pain without ongoing tissue damage 

m sensory loss 

m allodynia (pain in response to non-painful 
stimuli) 

m hyperalgesia (increased pain in response to pain- 
ful stimuli) 

m dysaesthesiae (unpleasant abnormal sensations) 

= burning, stabbing or shooting pain 

m a delay in onset after injury 


Patients presenting with these symptoms should be 
referred to the Inpatient Pain Team for assessment and 
treatment. 


Pre-Anaesthetic Assessment Clinics 


Staffed by anaesthetists with a broad knowledge of an- 
aesthesia, surgery and medical conditions, these clinics 
serve many functions. In the context of pain manage- 
ment, the clinics have several roles: 


= Education of the patient on options for postop- 
erative analgesia using discussion and leaflets. 

m Explanation of the advantages and risks of more 
invasive analgesic techniques. 

= Answering patient questions. 

= Obtaining informed consent for invasive analge- 
sic techniques. 
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TF is estimated that up to 80% of patients experience 
postoperative nausea and/or vomiting (PONV) within 
the first 24h after surgery. For most, PONV is easily 
manageable but for a smaller, ‘high risk cohort, symp- 
toms can be distressing and disabling and, in some cases, 
have been described as worse than the pain of surgery. It 
is acommon misconception that general anaesthetics are 
solely responsible for PONV because it is often forgotten 
that surgical procedures under anaesthesia involve not 
only a pharmacological but also a physical ‘assault’ on 
the patient. Fortunately, the multifactorial aetiology of 
PONV lends itself to interventions using a variety of dif- 
ferent treatment options. Prevention, along with prompt 
and effective treatment of PONV, decreases the risk of 
adverse effects, limits the length of inpatient stay and re- 
duces hospital costs. More importantly, successful pre- 
vention of PONV greatly improves patient satisfaction. 


DEFINITIONS 


Nausea is derived from the Greek word naus denot- 
ing ‘ship’ and was used originally to describe the feel- 
ing of seasickness. Nausea is an unpleasant sensation 
referred to the upper gastrointestinal tract and phar- 
ynx. It is associated with dizziness and a strong urge 
to vomit. Assessment of nausea is extremely difficult 
because symptoms are subjective, entirely patient- 
dependent and often difficult to quantify. For this rea- 
son, the incidence of postoperative nausea is frequently 
underestimated. Retching is the involuntary process of 
‘unproductive vomiting’ It is characterized by the syn- 
chronous contraction of diaphragmatic and abdominal 


POSTOPERATIVE NAUSEA 
AND VOMITING 


muscles against a closed mouth and glottis. Retching 
is extremely distressing and is usually accompanied by 
feelings of intense nausea. Vomiting represents the final 
common pathway of a highly coordinated sequence of 
events involving gastrointestinal, abdominal, respiratory 
and pharyngeal muscles which results in the active and 
rapid expulsion of contents from the stomach and upper 
intestine. In contrast to the rather subjective assessment 
of nausea, vomiting is easily identifiable and measurable! 


MECHANISMS OF NAUSEA AND 
VOMITING 


Vomiting Centre 


The vomiting reflex probably developed as an evo- 
lutionary protective mechanism against ingestion 
of harmful substances or toxins. However, vomiting 
also occurs in response to a wide range of pathologi- 
cal and environmental triggers including sight, smell, 
motion and gastrointestinal disturbances. Afferent 
signals mediated by the vagus, vestibular and higher 
cortical nerves are carried to discrete areas within the 
brainstem collectively known as the ‘vomiting cen- 
tre’ (Fig. 42.1). Traditionally, the vomiting centre was 
thought to be a single anatomical entity but there is 
increasing evidence that it is made up of a disparate 
group of interconnected cells and nuclei located in the 
lateral reticular formation of the medulla and the nu- 
cleus tractus solitarius (NTS). All information entering 
the vomiting centre is processed and co-ordinated (via 
autonomic and motor nerves) into a highly complex 
series of neuronal signals to initiate the three phases of 
the vomiting reflex. 
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FIGURE 42.1 


Chemoreceptor Trigger Zone (CTZ) 


The so-called ‘chemoreceptor trigger zone’ consists of sev- 
eral nuclei found within the area postrema at the caudal end 
of the fourth ventricle. Although the CTZ is anatomically 
located within the central nervous system, its unusual pat- 
tern of endothelial fenestrations allows it to ‘sense’ chemicals 
not only within cerebrospinal fluid, but also within circulat- 
ing peripheral blood. In simple terms, the highly vascular- 
ized CTZ utilizes its defective blood brain barrier to detect 
potentially harmful substances present within the circu- 
lation. The CTZ contains an abundance of cholinergic, 
dopaminergic, histaminergic, serotinergic (5-HT) and 
opioid receptors which send afferent projections to the 
vomiting centre. Stimulation of the CTZ contributes 
significantly to the nausea and vomiting experienced by 
surgical patients, and pharmacological antagonism of re- 
ceptor signalling within this important area represents a key 
strategy in the prevention and treatment of PONV. 


Stimulation of the Vomiting Centre 

Figure 42.1 outlines the various triggers and neural 
connections involved in the initiation of the vomiting 
reflex. The vomiting centre acts as the final processor 
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Schematic diagram of the vomiting reflex. See text for details. 


for all sensory information received from central and 
peripheral receptors. Although the majority of afferent 
information from the periphery is relayed through the 
CTZ, other important causes of emesis are described 
below. 


Gastrointestinal Tract 


The normal functioning of the gastrointestinal (GI) 
tract is dependent on fully integrated neural feedback 
mechanisms. As part of this dynamic process, numer- 
ous mechano- and chemo-receptors send information 
to the central nervous system via the vagal nerve affer- 
ents. Any threat to the integrity of the GI system, e.g. 
gastric distension, irritation, damage or toxins, triggers 
an increase in ascending vagal activity which relays di- 
rectly or indirectly to the vomiting centre. Cholinergic 
M serotoninergic 5-HT, and dopaminergic D, recep- 
tors are the principal mediators of signal transduction 
within the gut mucosa. Stimulation of one or all of 
these key receptors initiates a key step in the vomiting 
reflex and pharmacological antagonism at these sites 
represents a logical approach in the management of 
nausea and vomiting. 


Vestibular System 


Motion sickness is an unpleasant side-effect induced by 
aberrant vestibular or visual activity. Susceptible indi- 
viduals develop motion sickness in childhood, with the 
incidence peaking during early adolescence. Fortunately, 
symptoms diminish with advancing age. Numerous stud- 
ies report that females are more prone to motion sickness 
than men. The neurophysiological mechanisms respon- 
sible for motion sickness are largely unknown but it is 
likely that an imbalance between the vestibular-cerebellar- 
visual axis together with stimulation of higher autonomic 
nerves triggers activation of the vomiting reflex. Therefore, 
female patients with a history of motion sickness have two 
independent predictors of PONV (see below). 


Cardiovascular System 


Most anaesthetists recognize that nausea may represent 
an important sign of underlying hypotension, particu- 
larly in patients who have just received regional nerve 
blockade. Myocardial ischaemia leading to infarction 
is also associated with a high incidence of vomiting. 
It is likely that retrograde autonomic signalling to the 
brainstem is responsible for these early warning signs 
of cardiovascular compromise. 


Cortical Inputs 


Higher cortical centres (e.g. the limbic system) are inti- 
mately involved with initiation and modification of the 
vomiting reflex. For example, unpleasant sights, sounds 
or smells induce emetic responses. In this context, cho- 
linergic M, antagonists (e.g. hyoscine) may provide some 
relief. Patients with preconceived expectations or anxiety 
can be encouraged to modify their behaviour to reduce the 
incidence of nausea or vomiting. In cases involving antici- 
patory symptoms (e.g. protracted chemotherapy-induced 
nausea), anxiolytics may be beneficial. 


Gag Reflex 

The gag reflex reduces the risk of upper airway ob- 
struction and ingestion of noxious material. The glos- 
sopharyngeal nerve (cranial nerve IX) mediates the 
afferent limb of this reflex, synapsing directly within 
the nucleus solitarius in the brainstem. The efferent limb 
is coordinated by the vagus nerve (cranial nerve X). This 
primitive reflex is one of the strongest triggers of emesis 
and is particularly active following insertion of oral 
airway adjuncts in semiconscious patients. 
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Neural and Muscular Co-ordination During 
Vomiting 

The synchronized events mediating the vomiting re- 
flex are divided into three phases: pre-ejection, ejec- 
tion and post-ejection. 


Pre-Ejection Phase 


= Nausea (not a prerequisite to vomiting). 

m Gastric smooth muscle relaxes and retrograde 
peristalsis begins. 

= Deep inspiration. 

= Glottis closes (to avoid aspiration). 


Ejection Phase 


= Abdominal and diaphragmatic muscles contract. 
Lower and upper oesophageal sphincters relax. 
Intra-abdominal pressure increases. 

Mouth opens and gastric contents are forcefully 
expelled. 


Post-Ejection Phase 


m Autonomic and visceral nerves ‘recalibrate’ 
= Lethargy and weakness. 


Increased autonomic activity results in salivation, 
pallor and tachycardia throughout all phases of the 
vomiting reflex. 


ADVERSE EFFECTS 


Some clinicians dismiss PONV as an inevitable con- 
sequence of surgery but from the patients perspec- 
tive PONV is almost always associated with distress 
and dissatisfaction. Importantly, if nausea or vomit- 
ing persist there is a risk of rare, but potentially seri- 
ous, perioperative morbidity. These complications are 
summarized in Table 42.1. 

Intact laryngeal reflexes ensure glottic closure during 
vomiting, but in the immediate postoperative phase, la- 
ryngeal reflexes may be obtunded due to residual effects 
of general anaesthesia and centrally acting analgesics. 
Vomiting can result in aspiration of gastric contents if 
the upper airway is not protected. The physical act of 
vomiting may lead to pain, wound dehiscence, haemor- 
rhage, haematoma or possibly oesophageal rupture. If 
PONV persists, dehydration, reduced oral intake, elec- 
trolyte imbalance and delayed mobilization can result 


846 42 POSTOPERATIVE NAUSEA AND VOMITING 


TABLE 42.1 


Adverse Affects of PONV 


Patient distress and dissatisfaction 


Pulmonary aspiration 


Postoperative pain 


Wound dehiscence/haemorrhage 
Eyes 
Head and neck 
Oesophageal 
Abdominal 


Dehydration, electrolyte disturbance and/or requirement for 
intravenous fluids 


Delayed oral input 
Drugs 
Nutrition 
Fluids 


Delayed mobilization 


Delayed discharge 


in serious medical complications and significantly in- 
creased healthcare costs associated with delayed dis- 
charge and unplanned admissions. 


IDENTIFYING PATIENTS AT RISK 


Many different approaches have been adopted in an at- 
tempt to stratify patients according to their individual 
risk of PONV. Risk stratification allows clinicians to 
optimize prevention and treatment strategies while 
minimizing the incidence of adverse drug reactions 
in patients at lower risk of PONV. Indiscriminate use 
of antiemetics in surgical patients is ill-advised and 
not cost-effective. A more logical and evidence-based 
approach involves identifying patients at moderate to 
high risk of PONV and prescribing appropriately. 


Patient Factors 


Although it is not possible to identify every patient at 
risk of PONV, a number of factors contribute to the 
incidence of nausea and vomiting in the postopera- 
tive period. The main factors are shown in Table 42.2. 
Numerous studies report that smoking habits, female 
patients and those with a history of PONV or mo- 
tion sickness are all strong independent predictors for 
PONV. Delayed gastric emptying, anxiety and obesity 
may increase the risk of PONV but the evidence for a 


TABLE 42.2 


Factors Which Increase the Risk of PONV 
Patient 
Female 
Non-smoker 
History of PONV or motion sickness 


Children (age>3 years) 


Anaesthetic 

Volatile anaesthetics 
Opioids 

Nitrous oxide 
Postoperative pain 
Hypotension 


Neostigmine >2.5 mg 


Surgical 


Duration 


Type 
Gynaecological 
Squint 
ENT 
Head and neck 


statistically significant association is currently lacking. 
Children over the age of 3 years are also at high risk of 
developing PONV in comparison to adults. Vomiting, 
rather than nausea, is often used as an outcome mea- 
sure in paediatric studies because of the difficulty in 
assessing and quantifying nausea in young children. 
Fortunately, the risk of PONV decreases as children 
reach adolescence. 


Anaesthetic Factors 


Identifying specific anaesthetic triggers of PONV is dif- 
ficult because of the large number of drugs given as part 
of a ‘standard’ general anaesthetic technique. However, 
the evidence for opioids and volatile agents inducing 
PONV is incontrovertible. Opioid administration by 
whatever route (oral, intramuscular, intravenous, epi- 
dural or spinal) is associated with a high incidence of 
PONV. Activation of peripheral and central opioid re- 
ceptors by exogenous opioids leads to stimulation of 
the CTZ, direct activation of the vomiting centre and 
reduced gastric emptying. Increased sensitivity of the 


vestibular nerve (possibly as a result of activation of 
histaminergic H, and muscarinic M, receptors) may 
also play a role in the genesis of PONV. This is par- 
ticularly prevalent during movement in the immediate 
postoperative phase. Preoperative opioids contribute 
towards a higher prevalence of PONV, but opioid- 
based premedication has largely been superseded by 
the use of non-opioid anxiolytic agents, e.g. benzo- 
diazepines. Ineffective postoperative analgesia and 
pain can induce significant nausea and vomiting in 
susceptible individuals. In this situation, a non-opioid 
based analgesic approach is justified (e.g. simple 
analgesics and nerve blocks). Alternatively, careful 
titration of opioids may be appropriate. 

Most intravenous anaesthetic induction agents in- 
duce PONV, but at subhypnotic concentrations, pro- 
pofol exhibits some antiemetic activity. It is thought 
that this beneficial pharmacodynamic action is due 
to antagonism of dopaminergic D, receptors. The in- 
creasing popularity of total intravenous anaesthesia 
(TIVA) techniques exploits the intrinsic antiemetic 
activity of propofol while avoiding the strong emeto- 
genic stimuli from the volatile agents. 

Evidence for the much-maligned nitrous oxide is 
less compelling. If used as part of a gas and oxygen 
mixture (e.g. Entonox), nitrous oxide has been shown 
to induce nausea and vomiting. However, studies using 
a combination of nitrous oxide with volatile agents do 
not report a consistently increased incidence of nausea 
and vomiting, particularly in patients at high risk of 
PONV. 

The nondepolarizing neuromuscular reversal agent 
neostigmine has been implicated as a possible trig- 
ger for PONV. Anticholinesterase activity increases 
gastrointestinal motility and retrograde vagal nerve 
activity by activation of M, receptors in the gut. 
However, these effects are normally antagonized by 
the co-administration of antimuscarinic agents, e.g. 
glycopyrrolate. It is only when higher doses of neo- 
stigmine are required (>2.5mg) that PONV becomes 
problematical. 


Surgical Factors 


Numerous studies have concluded that the type of sur- 
gery influences the risk of developing PONV. For ex- 
ample, stimulation of vestibular or pharyngeal nerves 
after ENT surgery is associated with an increased 
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prevalence of emesis. Similarly, squint correction sur- 
gery (usually carried out in children) is reported to 
have a disproportionately high incidence of PONV. 
Patients undergoing gynaecological procedures are 
often recruited into studies to assess the efficacy of 
antiemetic drugs. However, it has been argued that 
many female patients are already at high risk of PONV, 
which places some doubt as to whether gynaecological 
surgery is an independent risk factor for PONV. 

The cumulative doses of volatile agents and opioids 
are greater after lengthy surgical procedures, and there- 
fore it is not surprising that the duration of surgery 
directly influences the number of patients experienc- 
ing PONV. 


Risk Stratification 


One of the most widely adopted scoring systems devel- 
oped by Apfel and colleagues uses four of the indepen- 
dent predictors described in Table 42.2 to determine 
the likelihood of experiencing PONV. These are: 


female 

non-smokers 

history of PONV or motion sickness 
use of opioids. 


Each positive predictor is assigned a score of 1. 
Using this system, a score of 0, 1, 2, 3 or 4 predicts the 
chance of developing PONV as approximately 10, 20, 
40, 60 or 80%. (Fig. 42.2) Other scoring systems in- 
clude the duration and type of anaesthesia but these 
have not been found to have any additional predictive 
value beyond that of Apfel’s simplified version. 
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FIGURE 42.2 © Relationship between the number of risk 
factors and the incidence of PONV. (Derived from Fero et al 
(2011). 


848 42 POSTOPERATIVE NAUSEA AND VOMITING 


Post-Discharge Nausea and Vomiting 
(PDNV) 


Increasing numbers of surgical procedures are now 
carried out on a day-case basis. Despite meeting strict 
discharge criteria, many patients experience PDNV af- 
ter leaving hospital. Of those, up to 35% do not have 
any symptoms prior to discharge. One reason for this 
discrepancy relates to the relatively short half-lives of 
current antiemetic agents. Unfortunately, most pa- 
tients have limited or no access to antiemetic treat- 
ment after discharge, which leads to delayed recovery 
and patient dissatisfaction. Prescribing antiemetic 
prophylaxis to every patient is neither beneficial nor 
cost-effective. Prophylaxis is best targeted towards pa- 
tients at moderate to high risk of PONV, who should 
be offered oral antiemetics as part of their ‘take home’ 
prescription. 


MANAGEMENT 


Prevention 


Prevention is the key to effective management of PONV. 
Identifying patients who are at risk of developing symp- 
toms following surgery is the first step in this process. In 
simple terms, patients can be divided into three groups: 
low, moderate or high risk. Those at low risk do not 
require pharmacological intervention. Simply reduc- 
ing or avoiding key triggers, e.g. opioids and/or volatile 
agents, may be sufficient to prevent the onset of PONV. 
Furthermore, prophylaxis for every patient is not nec- 
essary and adopting such a blanket approach may lead 
to adverse drug effects. For those at moderate to high 
risk, adopting a multimodal strategy, i.e. avoiding key 
triggers whilst giving one or more antiemetic, helps to 
reduce the risk of developing symptoms of PONV. For 
patients at highest risk, a combined approach usually 
works best, e.g. risk reduction measures in conjunction 
with increasing number of antiemetics. 


Treatment 


Despite careful planning and risk reduction, some 
patients still experience troublesome PONV. If so, it 
is vital that all possible causes of PONV are ruled out 
to avoid missing important signs of serious underly- 
ing pathology. The commonest causes of PONV are 
highlighted in Table 42.3. Each patient should be thor- 
oughly assessed to exclude other treatable causes. Only 


TABLE 42.3 


Important Causes of PONV 


Hypotension 


Hypoxaemia 


Drugs 


Opioids 


Antibiotics 


Intra-abdominal pathology 


Psychological factors e.g. anticipation/anxiety 


Early mobilization 


Fluid intake 


Nasogastric tube 


Pain 


when these have been excluded is it appropriate to con- 
sider an antiemetic treatment strategy. If antiemetic 
prophylaxis has already been given, repeat dosing may 
be required depending on the pharmacokinetic profile 
of the initial prophylactic agent(s), while bearing in 
mind that a second dose may be ineffective and might 
simply increase the risk of an adverse drug effect. 

The next stage in treatment involves the use of 
various classes of drug targeting a range of different 
receptors. This logical approach maximizes pharmaco- 
dynamic efficacy whilst minimizing the risk of adverse 
drug events. For example, PONV prophylaxis using a 
glucocorticoid can be supplemented using one or more 
of the available D,,M,,H, or 5-HT, receptor antagonists. 


PHARMACOLOGY 


From an anaesthetist’s perspective, the numerous af- 
ferent and efferent components of the vomiting reflex 
lend themselves to pharmacological manipulation at 
multiple receptor sites within the peripheral and cen- 
tral nervous systems. Antagonism of one or more of 
the four key neurotransmitters involved in the vomiting 
reflex (dopamine, histamine, acetylcholine or 5-HT,) 
forms the basis of established treatment of PONV. 
Table 42.4 gives examples of the main classes of drug 
used worldwide for the treatment of nausea and vom- 
iting. Not all are suitable or have been licensed for the 
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TABLE 42.4 


Drugs Used in Management of PONV 


Drug 


Routes of 
Administration 


Suggested Timing 


Comments 


Common Adverse 
Effects 


5-HT, receptor antagonists 


Ondansetron 
Granisetron 


Palonosetron 


Tropisetron 


i.v./i.m./oral/p.r. 
i.v./oral 


i.v./oral 


iv. 


End of surgery 


Before induction 


End of surgery 


Not licensed for PONV in 
the UK 


Not available in the UK 


Abnormal liver 
function, 
Headache, 

QT prolongation 


Dopamine (D,) receptor antagonists 


Benzamides 


Metoclopramide 


Butyrophenones 


Droperidol 


Domperidone 


Phenothiazines 


Prochlorperazine 


Perphenazine 


i.v./i.m./oral 


oral/p.r. 


oral/i.m./buccal 


oral 


At induction 


End of surgery 


Recovery room 


Severe EPE in children and 
young adults 


Less sedative than phenothiazine 


Not licensed for PONV in the UK 


Sedation/EPE/ 
hypotension 


Sedation/EPE/ 
hypotension 
Agitation/EPE/ 
hypotension 


Sedation/EPS/ 
hypotension 


Anticholinergics (M, receptor antagonist) 


Hyoscine oral/transdermal Night before Antispasmodic and useful for Sedation/dry mouth/ 
surgery motion sickness - Not licensed for blurred vision 
PONV in the UK 
Antihistamines (H, receptor antagonists) 
Cyclizine oral/i.v./i.m. At induction Can induce significant Sedation/dry mouth/ 


tachycardia 


blurred vision 


Promethazine oral - Useful for motion sickness - Not 
licensed for PONV in the UK 

Glucocorticoids 

Dexamethasone i.v./i.m./oral At Induction Often used in combination with Perineal stimulation 
5-HT, antagonists 

NK, antagonists 

Aprepitant oral 1-3h prior to Not licensed for PONV in Headaches/ 

induction the UK dizziness/ hiccups 

Fosaprepitant iv. At induction Not licensed for PONV in 

(Prodrug of aprepitant) the UK 

Cannabinoids 

Nabilone oral - Not licensed for PONV in Mood changes/Dry 


the UK 


EPE, extrapyramidal effects; i.v., intravenous; i.m., intramuscular; p.r., per rectum. 


mouth/ataxia 
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treatment of PONV in the UK but are included in the 
table to indicate current or potential drug develop- 
ment strategies. 


Dopamine D, Receptor Antagonists 


Peripheral and central dopaminergic D, receptors are 
located within the gastrointestinal tract and the CTZ, 
respectively. D, receptors mediate gastrointestinal ac- 
tivity and dopaminergic neurotransmission within 
the CTZ. The antiemetic efficacy of D, receptor an- 
tagonists relates to a combination of increased gut 
motility and raising the emetogenic threshold within 
the CTZ. Butyrophenones, phenothiazines and ben- 
zamides act primarily as D, receptor antagonists al- 
though most harbour cross-sensitivity with other 
receptor systems as shown in Table 42.5. 


Butyrophenones 


Droperidol was withdrawn from clinical practice in 
2001 due to concerns over QTc prolongation follow- 
ing chronic treatment. After successful campaigning 
(mainly by anaesthetists), droperidol was reintro- 
duced specifically for the acute management of 
PONV. It acts mainly as a D, antagonist but it also 
has weak a -adrenergic blocking activity. Intravenous 
droperidol administered 30 min before the end of sur- 
gery is economical and generally effective at reducing 
PONV and it can be co-administered with opioids 


using patient-controlled analgesia (PCA) pumps. 
Side-effects may limit treatment. These include se- 
dation, extrapyramidal effects and gastrointestinal 
upset. Droperidol is contraindicated in patients with 
long QT syndrome. 

Although not used routinely, oral domperidone 
may be prescribed to assist with the management of 
PONV. It is generally well tolerated and causes less cen- 
tral effects (mainly sedation) than many of the pheno- 
thiazines. Side-effects and contraindications are similar 
to those for droperidol although galactorrhoea and 
gynaecomastia can occur after chronic administration. 


Phenothiazines 


Phenothiazines were introduced originally to treat 
psychotic states including mania and schizophre- 
nia. Subsequently, many were found to have useful 
antiemetic properties and are now used routinely 
during treatment of neoplastic disease. The main 
mechanism of action of the phenothiazines is via 
antagonism of the D, receptor, but it is possible 
that some of their clinical effects are derived from 
blockade of other neurotransmitters involved in the 
vomiting reflex (Table 42.5). Prochlorperazine is 
used routinely in the treatment of PONV and laby- 
rinthine disorders. It can be administered via intra- 
muscular, oral or buccal routes. Side-effects include 
sedation, hypotension and extrapyramidal features. 


TABLE 42.5 


Relative Receptor Specificities 


Serotonin Dopamine Acetylcholine Histamine 
Drug 5-HT, D, M, (H,) 
5-HT, antagonists ++++ = - = 
e.g. ondansetron 
Benzamides ++ +++ + n 
e.g. metoclopramide 
Butyrophenones + ++++ = + 
e.g. droperidol 
Phenothiazines = FEFE 4+ " 
e.g. prochlorperazine 
Anticholinergics - + ait + 
e.g. hyoscine 
Antihistamines - ++ ++ 4e 


e.g. cyclizine 


Perphenazine is not licensed for treatment of 
PONV in the UK, but has proved to be useful as an 
oral antiemetic preparation. 


Benzamides 


Metoclopramide has been used extensively in the 
treatment of nausea and vomiting secondary to 
gastrointestinal disease and chemo-radiotherapy. 
Surprisingly, there is little evidence for its efficacy in 
PONV. At standard doses, it blocks D, receptors in 
the gut and CTZ, but at higher doses it also acts as a 
5-HT, antagonist. Current preparations are available 
for intravenous, oral and intramuscular administra- 
tion. Adverse effects include extrapyramidal symptoms, 
hypotension and sedation. Extrapyramidal symptoms 
are dose-related and occur most frequently in children 
and young adults. It is recommended that intravenous 
administration takes place over 1-2 min to reduce the 
risk of side-effects. 


Histamine H, Receptor Antagonists 


H, receptors are located in the CTZ, vomiting centre 
and possibly the vestibular apparatus. Most antihista- 
mine drugs display dual activity at histaminergic H, 
and cholinergic M, receptors. Increasing doses lead 
to D, receptor blockade. Combined activity at H, and 
M, receptors makes antihistamines particularly useful 
in the treatment of motion sickness. Cyclizine is used 
routinely for PONV because it has less central sedating 
effect in comparison with other drugs in its class. It can 
be administered via oral, intramuscular and intrave- 
nous routes. Side-effects include dry mouth, sedation 
and blurred vision, all of which are related to inherent 
anticholinergic activity. Rapid intravenous injection 
of cyclizine induces tachycardia and it should be used 
with caution in patients with heart failure. 


Cholinergic M, Receptor Antagonists 


Hyoscine (scopolamime) is not specifically indicated 
for the management of PONV. It is used mainly as an 
antispasmodic, antisialagogue premedicant and in the 
prevention of motion sickness. Various preparations 
are available for administration using intramuscular, 
intravenous, subcutaneous, oral or transdermal routes. 
Some centres report a reduction in PONV following 
perioperative use of a transdermal hyoscine patch. In 
susceptible individuals, hyoscine causes significant 
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sedation, dry mouth, visual disturbance and, rarely, 
central anticholinergic syndrome. 


Serotonin 5-HT, Receptor Antagonists 


5-HT, antagonists are indicated for use in the management 
of PONV and in the management of nausea and vomiting 
induced by chemo-radiotherapy. 5-HT, receptors are lo- 
cated in the CTZ, vomiting centre and the gastrointestinal 
tract. 5-HT, plays an important role in detecting and trans- 
mitting emetogenic signals from the CTZ to the vomiting 
centre whereas peripheral 5-HT receptors stimulate vagal 
afferents in response to damaging stimuli within the gut 
mucosa. 5-HT is also released in the area postrema in re- 
sponse to increased vagal activity. Therefore, it is likely that 
the efficacy of 5-HT, antagonists is due to a combination of 
central and peripheral effects. 

Ondansetron and granisetron are both licensed 
for treatment of PONV in the UK. Ondansetron has 
a shorter half-life than granisetron and can be admin- 
istered via oral, intramuscular, intravenous or rectal 
routes. Although other 5-HT, receptor antagonists (in- 
cluding topisetron and dolasetron) exist, they are not 
currently available in the UK. Ondansetron and granis- 
etron are free from sedative and extrapyramidal side- 
effects, but in susceptible individuals they may induce 
QTc prolongation and abnormal liver function tests. 


Corticosteroids 


Dexamethasone is a corticosteroid with high gluco- 
corticoid activity and virtually no mineralocorti- 
coid activity. Its mechanism of action is unknown 
but it is possible that either direct genomic or indi- 
rect non-genomic effects on 5-HT, and GABA, re- 
ceptors contribute towards its antiemetic activity. 
Many of the original studies were carried out using 
8-10 mg of dexamethasone, but recent evidence sug- 
gests that smaller doses (2.5—-4mg) are equally effica- 
cious. Concerns about adrenal suppression and other 
steroid-induced side-effects following a single dose of 
dexamethasone are unfounded. The main side-effect 
of dexamethasone involves intense perineal stimula- 
tion following rapid intravenous injection. 


Substance P (NK,) Antagonists 


Substance P, neurokinin A (NKA) and neurokinin B 
(NKB) are genetically related neuropeptides (tachyki- 
nins) which activate G-protein-coupled NK,, NK, and 
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NK, receptors within peripheral and central compart- 
ments. Substance P is thought to play a key role in the 
generation of emetogenic stimuli by binding to NK, re- 
ceptors in the gut and also centrally within the nucleus 
tractus solitarius and area postrema. In theory, block- 
ing substance P activity should be highly effective in the 
treatment of PONV but NK, antagonists are no bet- 
ter (i.e. non-inferior) at reducing postoperative nausea 
than standard ondansetron therapy. In contrast, they 
can significantly reduce the incidence of postoperative 
vomiting. Further investigation of NK, antagonists is 
needed to determine whether they have a place in the 
management of PONV. Two NK, antagonists (aprepi- 
tant and its i.v. formulation, fosaprepitant) are licensed 
for use in the UK, but both are currently restricted to 
treatment of chemotherapy-induced nausea and vom- 
iting (CINV). To date, no serious adverse effects have 
been attributed to the use of NK, antagonists. 


Cannabinoids 


Nabilone is a synthetic cannabinoid which targets 
endogenous CB, and CB, cannabinoid receptors. 
Nabilone’s UK licence is restricted to the treatment 
of CINV although some centres report encouraging 
results for PONV. Serious side-effects have been re- 
ported during treatment with nabilone, including psy- 
chosis, behavioural changes and ataxia. Consequently, 
close supervision is recommended. 


Other Techniques 


Various non-pharmacological techniques have been 
used to reduce the incidence of PONV. Acupuncture 
targeted at the P6 (Neiguan) point between the 
flexor carpi radialis and the palmaris longus is one 
of the most effective non-pharmacological options. 
Symptomatic relief can be achieved for up to 6h and 
can be extended if treatment is repeated. In cases of 
refractory PONV, acupuncture may prove beneficial 
but availability of suitably trained Chinese therapists 
is required. Transcutaneous nerve stimulation (TENS) 
offers an alternative non-pharmacological approach 
for the management of PONV but the evidence base 
for this technique is currently lacking. 
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C N are unexpected and unwanted 


events. They occur in approximately 10% of anaesthet- 
ics. Only the minority of these complications cause 
lasting harm to the patient. Death complicates five 
anaesthetics per million given in the UK (0.0005%). 
Every complication has the potential to cause lasting 
harm to the patient. Therefore, deviations from the 
norm must be recognized and managed promptly and 
appropriately. 

The most frequent complications during anaesthe- 
sia are arrhythmia, hypotension, adverse drug effects 
and inadequate ventilation of the lungs. Inadequate 
ventilation may be caused by poorly managed or diffi- 
cult tracheal intubation, pulmonary aspiration of gas- 
tric contents, breathing system disconnections or gas 
supply failure. These complications are also the major 
causes of anaesthetic mortality, preventable intraoper- 
ative cardiac arrest and permanent neurological dam- 
age. In particular, hypotension and hypoxaemia are 
implicated consistently in studies of adverse outcome 
from anaesthesia. 


CAUSES OF COMPLICATIONS 


Human Error 


Human error is a common contributor to anaesthetic 
complications, often in association with poor moni- 
toring, equipment malfunction and organizational 
failure. Human error is commonly associated with 
poor training, fatigue, inadequate experience and poor 
preparation of the patient, the environment and the 
equipment. These conditions are, generally, avoidable, 


COMPLICATIONS DURING 
ANAESTHESIA 


and good organization should usually prevent such 
circumstances. When complications do occur, effective 
monitoring and vigilance allow a greater period for ac- 
tion before the complication grows in severity. During 
this ‘window’, when the complication is apparent but 
has not yet damaged the patient, the anaesthetist must 
act with precision. Such precision of action may be ob- 
tained through the use of ‘action plans’ or ‘drills’ that 
have been rehearsed previously. 


Communication Failure 


Failure of communication is frequently implicated 
in the generation of complications in the periopera- 
tive period. Poor working relationships, varying levels 
of training amongst staff and poor working condi- 
tions make such failure more likely. Team training and 
simulation-based training are effective in reducing the 
incidence of this type of error. 


Equipment Failure 


Equipment failure may result in significant risk to the 
patient. In particular, failures of breathing systems, 
airway devices and gas supplies have resulted in sev- 
eral deaths in recent years. In addition, malfunction 
of mechanical infusion pumps and infusion pressur- 
izing devices have caused injury and death in several 
cases. Meticulous checking of equipment before use is 
mandatory. The anaesthetist must not only ensure the 
correct functioning of items of equipment that may 
be life-saving or of critical importance but must also 
ensure that alternative devices are available should the 
primary device fail. 
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Coexisting Disease 


Some complications stem from the deterioration of the 
patient’s medical condition, which may have existed 
before the anaesthetist’s involvement. While such de- 
terioration may be coincidental, it must be recognized 
that anaesthesia and surgery frequently introduce al- 
tered conditions into a patient’s finely balanced com- 
bination of pathology and compensatory physiology. 
This may be sufficient to generate instability in the pa- 
tient’s condition and result in sudden worsening of an 
apparently stable pathology. Typical examples include 
diabetes mellitus, angina, hypertension and asthma. 


Inevitable Complications 


There exists a subgroup of complications which may 
be classed as ‘inevitable’. Despite excellent surgical and 
anaesthetic practice, the patient may still experience 
a complication that brings morbidity or even death. 
While we must, at all times, make stringent efforts to 
save our patients from harm, it is also important to 
recognize that it is not always necessary to place the 
blame for a complication on a healthcare provider. 


AVOIDANCE OF COMPLICATIONS 


The most effective steps in preventing harm from 
complications are implemented before the complica- 
tion occurs. Thorough preparation should prevent the 
majority of complications. This preparation includes: 


m preoperative assessment, investigation and coun- 
selling of the patient 

m preoperative checking of equipment and the as- 
surance of backup equipment 

m the availability of an appropriately trained 
assistant 

m preoperative consultation with more experi- 
enced personnel, where necessary, regarding the 
most appropriate anaesthetic technique 

= the use of appropriate monitoring techniques. 


Experience 


Complications occur more commonly in inexperi- 
enced hands. Clearly, finite resources exist, and appro- 
priately experienced personnel are not always allocated 
to appropriate patients and procedures. It is the indi- 
vidual anaesthetist’s responsibility to ensure that he or 


she has adequate training for the task presented. If the 
anaesthetist does not have the necessary experience, 
then senior assistance must be sought. 


Record-Keeping 


The maintenance of accurate records of a patient’s treat- 
ment and vital signs is of paramount importance in 
preventing complications. It allows the observation of 
trends in vital signs, often providing valuable clues to a 
gradual deviation from a stable physiological state and 
allowing early intervention before a harmful condition 
arises. Accurate record-keeping also allows safer sharing 
of care between anaesthetists, facilitating handover of 
care during long operations and allowing better team- 
work in complex cases in which two anaesthetists are 
required. It also allows after-the-event investigation and 
learning — an important system-level mechanism for re- 
ducing the impact and incidence of complications. 


Redundant Systems 


The use of redundant systems helps prevent complica- 
tions. The availability of at least two working laryngo- 
scopes illustrates this. Should one system fail, another 
may be put in its place. Other examples include the 
insertion of two or more intravenous cannulae if sig- 
nificant blood loss is expected, and monitoring of 
expired volatile agent concentration in addition to 
depth of anaesthesia monitors to minimize the risk of 
awareness. 


Monitoring 


Monitoring systems have been designed to detect and 
prevent complications during anaesthesia. Aspects 
of the patient should be monitored that are likely to 
deviate from the norm, or that are dangerous if they de- 
viate from the norm. The Association of Anaesthetists 
of Great Britain and Ireland (AAGBI) has produced 
guidelines stipulating the acceptable minimum level of 
intraoperative monitoring (see Ch 16). 

Modern monitoring systems have automatically ac- 
tivated alarms, and the anaesthetist chooses the values 
at which these alarms sound. The default values are 
not always the optimal choices. Thought should be ap- 
plied to the values at which the anaesthetist gains use- 
ful insight into the patient’s deviation from the healthy 
status quo, without generating unnecessary visual 
and auditory pollution which may detract from the 


anaesthetist’s concentration and reduce the effective- 
ness of the monitor. In general, alarms should sound 
before the value in question reaches a potentially dam- 
aging level, but should not sound at values that would 
be considered within the patient’s expected range. 
Clearly, this is different for each patient, whose coexist- 
ing disease, age, anaesthesia and surgical procedure vary 
greatly. The repeated sounding of an alarm should not 
trigger reflex silencing of the alarm but should cause the 
anaesthetist to consider if treatment of the patient is 
required or if the alarm limit should be altered. 


MANAGEMENT OF COMPLICATIONS 


Generic Management of Complications 


The majority of complications that result in serious 
harm to the patient compromise the delivery of oxy- 
gen to tissues. Organs which are damaged most rap- 
idly by a deficiency in oxygen supply include the brain 
and heart. The liver and the kidneys are less fragile, 
but potentially at risk from even short interruptions of 
oxygen supply. Cessation of perfusion results in more 
rapid damage to organs than low levels of oxygenation 
while perfusion is maintained. Treatment must be pro- 
vided rapidly when organ perfusion is threatened or 
when arterial oxygenation is impaired. The manage- 
ment of virtually any significant complication should 
include the provision of a high inspired oxygen frac- 
tion and the assurance of an adequate cardiac output. 

In general, complications should be dealt with 
through a sequence of: 


. Continual vigilance and monitoring 

. Recognition of the evolution of a problem 

. Creation of a list of differential diagnoses 

. Choice of a working diagnosis, which is either the 

most likely or the most dangerous possibility 

5. Treatment of the working diagnosis 

6. Assessment of the response of the problem to 
the treatment administered 

7. Refinement of the list of differential diagnoses, 
especially if the response has not been as expected 

8. Confirmation or elimination of the choice of 
working diagnosis; if the response to treatment 
has been unexpected then replacement with a 
more likely working diagnosis is indicated 

9. Go to step 5 and repeat until the problem is 

resolved. 
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The Evolving Problem 


The early recognition of an evolving problem allows 
the anaesthetist time to manage a complication be- 
fore it damages the patient. Appropriate selection of 
monitoring alarm limits and the anaesthetist’s vigi- 
lance should allow more time for pre-emptive treat- 
ment can be provided to reduce the impact of the 
complication. 

The first response to an emerging complication 
should be to minimize the potential harm to the pa- 
tient. Such harm may be produced by the anaesthetist’s 
treatment or by a pathological source. It is important 
to ensure that an abnormal reading from a monitor 
is not an artefact; inaccurate information may be dis- 
played if, for example, a pulse oximeter probe is poorly 
positioned or if an ECG electrode becomes displaced 
and the anaesthetist should ensure, through rapid clin- 
ical assessment of the patient, that the values shown 
on the monitor screen are consistent with the patient’s 
clinical appearance and the context. For example, a 
sudden reading of arterial oxygen saturation of 70% 
when the values have been greater than 96% through- 
out the procedure should prompt a rapid examination 
of the patient; if the patient is not cyanosed and venti- 
lation appears to continue uninterrupted, then the po- 
sition of the pulse oximeter probe should be checked, 
particularly if the plethysmograph trace is poor. 

In most situations in which complications become 
apparent, the diagnosis is simple and treatment may 
progress in a linear fashion. Such linear treatment of 
complications is detailed later in this chapter. However, 
the causes of some complications, such as hypoxaemia, 
are not always immediately clear, and several poten- 
tial aetiologies may exist. Where the differential diag- 
noses relating to a problem appear equally likely, the 
anaesthetist should treat the problem that threatens 
the most harm to the patient. During the management 
of problems during anaesthesia, the anaesthetist must 
constantly be reconsidering the list of differential di- 
agnoses, re-arranging them mentally in order of likeli- 
hood and treating the most likely and most dangerous 
possibilities first. 


Record-Keeping 

Record-keeping, while useful in preventing complica- 
tions, is also important during complications. Trends 
in a patient’s physiological data may become apparent 
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only when charted, and new differential diagnoses may 
be generated through examination of the recorded 
data. Review of critical incidents and complications 
is vitally important in preventing future repetitions 
of the incident and in providing continuing educa- 
tion to individual practitioners and to Departments 
of Anaesthesia. Thorough record-keeping is vital in al- 
lowing informed review of these cases. Finally, some 
complications result in harm to the patient and it is 
very important for the practitioner and the patient 
that detailed records are available for later review. In a 
minority of such cases, legal action may result and de- 
tailed, legible records are vital in defending the actions 
of the staff and in providing an adequate explanation 
to the patient (and possibly to the court) of what hap- 
pened in the operating theatre. 


MEDICOLEGAL ASPECTS OF 
COMPLICATIONS 


A minority of complications result in a formal com- 
plaint, but litigation by patients who feel that they 
have been wronged by the healthcare system is becom- 
ing increasingly common. Defensive practice is con- 
sequently becoming widespread. Such practice aims 
to reduce the potential culpability of the anaesthetist 
should complications arise. In some situations, this 
may lead to overinvestigation of patients and even to 
the provision of care which is not necessarily optimal 
for the patient. The ‘culture of blame’ in which we 
now practise dictates that anaesthetists must protect 
themselves as well as their patients. Meticulous record- 
keeping, preoperative information and consent, and 
frank discussion of risks with the patient are vital. 


Management of the Medicolegal Aspects 
of Complications 


Complications must be recognized promptly and treated 
efficiently, with the patient’s best outcome the aim of 
treatment. Record-keeping must continue to be meticu- 
lous, even during the occurrence of problems during an 
anaesthetic. Help should be sought early if there is any 
doubt about the anaesthetist’s ability or experience. 
Complaints by patients should be dealt with 
promptly and professionally. The complaint and the 
anaesthetist’s response must be recorded clearly in 
the patient’s records. The anaesthetist should express 


regret and sympathy that the complication has oc- 
curred, and explain why. A frank discussion of the 
difficulties that occurred during an anaesthetic may 
provide the patient with sufficient information. If hu- 
man error has occurred, then the anaesthetist should 
apologize, and assure the patient that further informa- 
tion will be provided when it becomes available. If the 
anaesthetist is a trainee, then it is prudent to enlist the 
assistance of a consultant to attend discussions with 
the patient. The clinical director should be informed 
of all discussions with the patient. It may be prudent 
that the clinical director accompanies the anaesthetist 
during their dealings with the patient. The results and 
content of all such discussions must be recorded in the 
patient’s medical records. 

Any complaint that goes further than an informal 
conversation should be referred to the hospital’s com- 
plaints department and the anaesthetist’s defence orga- 
nization should be informed. The defence organization 
will provide advice on subsequent action. It must be 
emphasized that throughout this often distressing 
process, meticulous and professional record-keeping 
may make the difference between exoneration and 
condemnation, irrespective of the true source of fault. 


COMPLICATIONS 


The presentation, causes and management of the 
most common and most dangerous complications 
which occur during anaesthesia are described below. 
Complications are classified, where possible, according 
to the body system involved. Some complications (such 
as hypothermia) do not fit easily into this classification 
and are described separately. This list of complications 
is not exhaustive and the reader is encouraged to con- 
sult the texts listed at the end of the chapter. 


Respiratory System 
Respiratory Obstruction 


Table 43.1 details the common causes of respiratory 
obstruction during anaesthesia. Obstruction may oc- 
cur at any point from the gas delivery system through 
the patient’s airway and bronchi to the expiratory parts 
of the breathing system and the scavenging tubing. It 
is common and potentially very dangerous. The com- 
monest sites for obstruction are the larynx (e.g. laryn- 
gospasm), the tracheal tube (e.g. biting or secretions) 


TABLE 43.1 


Causes of Respiratory Obstruction During 
Anaesthesia 


Equipment 


Breathing system Valve malfunction, kinking 


Tracheal tube External compression (surgical gag/ 
manipulation, kinking, biting) 
Occlusion of lumen (secretions, blood) 
Cuff (overinflation, herniation) 


Oesophageal or bronchial intubation 


Patient 


Oropharynx 


Soft tissue (oedema from trauma/ 
infection, reduced muscle tone) 
Secretions (blood, surgical packs) 
Tumour 


Larynx Laryngospasm 


Recurrent laryngeal nerve palsy 
Oedema (drug hypersensitivity, 
pre-eclampsia, infection) 
Tumour 


Trachea Laryngotracheobronchitis 


External compression (surgical, 
haematoma, thyroid tumour) 
Stricture (radiotherapy, scarring from 
previous tracheostomy) 


Bronchi Secretions 


Pneumothorax 
Bronchospasm 
Tumour 

Surgical manipulation 


and the bronchi (e.g. bronchospasm). Respiratory 
obstruction causes inadequate ventilation and im- 
paired gas exchange. This causes hypercapnia, hypox- 
aemia and reduced uptake of volatile anaesthetic agent. 
Respiratory obstruction prevents the mass inflow of 
ambient gas which occurs during apnoea and thus pro- 
duces hypoxaemia more rapidly than does apnoea with 
an open airway. 

Partial obstruction is indicated by noisy breath- 
ing or stridor, while complete obstruction is silent. 
In spontaneously breathing patients, tracheal tug, 
paradoxical chest and abdominal movement (‘see-saw’ 
ventilation) and reduced movement of the breathing 
system’s reservoir bag are other signs. The generation 
of a large negative intrathoracic pressure during pow- 
erful attempts to inhale may cause pulmonary oedema 
in some patients, particularly young adults. In patients 
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whose lungs are mechanically ventilated, respiratory 
obstruction may be associated with increased infla- 
tion pressure, a prolonged expiratory phase, hyper- 
capnia and alteration of the end-tidal carbon dioxide 
waveform. 


Management. Any significant airway obstruction 
should be treated by gentle, manual ventilation of the 
patient’s lungs with oxygen. Location of the site of ob- 
struction should be sought urgently. In the absence of 
a laryngeal mask airway (LMA) or tracheal tube, ap- 
position of the tongue and pharyngeal soft tissue is a 
common cause of upper airway obstruction. This may 
be overcome by a jaw lift or neck extension. It may 
require the use of an oro- or nasopharyngeal airway, 
although these devices may themselves provoke laryn- 
gospasm or pharyngeal abrasion. Absolute obstruction 
suggests an equipment problem. Easy passage of a suc- 
tion catheter through the tracheal tube confirms its 
patency. If obstruction persists and no obvious cause 
is identified, then the tracheal tube or laryngeal mask 
may be the site of obstruction and should be replaced. 

Suction removes accumulated secretions in the phar- 
ynx, but may cause laryngospasm during light anaesthe- 
sia. The presence of symmetrical chest movements and 
breath sounds should be confirmed. Other causes of ob- 
struction such as laryngospasm, bronchospasm, aspira- 
tion and pneumothorax should be excluded. 

The most common airway complication is partial 
respiratory obstruction during spontaneous ventila- 
tion or during assisted manual ventilation in the ab- 
sence of a formal (equipment) airway. A gentle jaw 
thrust, head tilt and chin lift usually clear a partially 
obstructed airway, and insertion of an oropharyngeal 
or nasopharyngeal airway resolves almost all of the 
remainder. In the rare situation of complete inabil- 
ity to ventilate the patient’s lungs manually, and after 
equipment failure has been excluded, the insertion of 
a laryngeal mask airway or tracheal tube may be nec- 
essary. Allowing the patient to awaken is prudent if 
there is no urgency to proceed with the operation. If 
it is necessary to continue the operation or if the pa- 
tient cannot be wakened, and insertion of a laryngeal 
mask airway and tracheal tube have proved impos- 
sible, then it becomes necessary to establish a surgi- 
cal airway. This may take the form of a cricothyroid 
cannula, a surgical cricothyrotomy or an emergency 
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tracheostomy. These procedures must be learned 
and practised before the occurrence of the incident. 
They are technically demanding and are themselves 
potentially life-threatening to the patient if performed 
inexpertly (see Ch 22). 


Laryngospasm 

Laryngospasm is a reflex, prolonged closure of the vo- 
cal cords. It occurs usually in response to a trigger, and 
this is often laryngeal stimulation by airway devices, 
secretions or gastric contents during light anaesthe- 
sia. Laryngospasm is most common during induction 
and emergence. It may also be produced by surgical 
and visceral stimuli such as skin incision, peritoneal 
traction and anal or cervical dilatation. Children are 
particularly prone to laryngospasm. The use of thio- 
pental inhibits laryngeal reflexes to a lesser extent than 
propofol and increases the risk of laryngospasm. Poor 
management of laryngospasm may lead to inadequate 
ventilation with hypoxaemia, hypercapnia and reduced 
depth of anaesthesia. Crowing inspiratory noises with 
signs of respiratory obstruction suggest laryngospasm. 
Complete obstruction caused by severe laryngospasm 
is silent. 


Management. Where possible, airway and surgi- 
cal stimulation should be avoided during light an- 
aesthesia and the lateral position should be used for 
control of secretions during extubation and transfer. 
Surgical stimuli should be anticipated and anaesthetic 
depth should be adjusted accordingly. The anaesthe- 
tist should remove the stimulus to laryngospasm, 
administer 100% oxygen and provide a clear airway. 
Gentle pharyngeal suction should be applied. Where 
appropriate, anaesthetic depth may be increased by 
administration of an intravenous anaesthetic agent 
and the lungs ventilated manually, applying continu- 
ous positive airway pressure (CPAP). Most episodes of 
laryngospasm respond to this treatment. If laryngo- 
spasm persists and hypoxaemia ensues, a small dose of 
succinylcholine (e.g. 25 mg in adults) relaxes the vocal 
cords and allows manual ventilation and oxygenation. 
A full dose of succinylcholine may be given if tracheal 
intubation is indicated, but this is usually unneces- 
sary. Doxapram, an analeptic and respiratory stimu- 
lant, has also been used successfully in the treatment 
of laryngospasm. 


Bronchospasm 


General anaesthesia may alter airway resistance by 
influencing bronchomotor tone, lung volumes and 
bronchial secretions. Patients with increased airway 
reactivity from recent respiratory infection, asthma, 
atopy or smoking are more susceptible to broncho- 
spasm during anaesthesia. Bronchospasm may be 
precipitated by the rapid introduction of a pungent 
volatile anaesthetic agent (e.g. isoflurane, desflurane), 
the insertion of an artificial airway during light anaes- 
thesia, stimulation of the carina or bronchi by a tra- 
cheal tube or by drugs causing B-blockade or release 
of histamine. Drug hypersensitivity, pulmonary aspi- 
ration and a foreign body in the lower airway may also 
present as bronchospasm. Bronchospasm causes expi- 
ratory wheeze, a prolonged expiratory phase (evident 
from the upwardly sloping end-tidal carbon dioxide 
plateau) and increased ventilator inflation pressures. 
Wheezing may occur in association with other causes 
of respiratory obstruction, such as pneumothorax, and 
these should be excluded. If bronchospasm is very se- 
vere, ventilation may be quiet and wheeze may not be 
apparent. 


Management. Bronchospasm during anaesthesia re- 
sults in hypercapnia, hypoxaemia and pulmonary gas 
trapping, which may cause hypotension (through re- 
duction in left ventricular preload). Management is 
aimed at preventing hypoxaemia, and resolving the 
bronchospasm. Initially, 100% oxygen should be given, 
anaesthesia deepened if appropriate and any aggravat- 
ing factors removed (e.g. the tracheal tube should be re- 
positioned and surgery stopped). If further treatment 
is necessary, a bronchodilator should be given in incre- 
ments according to the response. Recommended drugs 
include intravenous aminophylline (up to 6mgkg™') 
or salbutamol (up to 3pgkg'). Volatile anaesthetic 
agents and ketamine are also effective bronchodilators. 
Adrenaline is indicated in life-threatening situations 
and may be given via the tracheal tube. Steroids and 
H,-receptor antagonists have no immediate effect but 
may be indicated in the later management of severe 
cases of bronchospasm. 

If hypoxaemia develops in the spontaneously 
breathing patient, then tracheal intubation and arti- 
ficial ventilation should be considered. Mechanical 
ventilation should incorporate a long expiratory phase 


to prevent the development of high end-expiratory 
alveolar pressures, which may cause hypotension, al- 
veolar barotrauma and further hypoventilation. Severe 
gas trapping (intrinsic PEEP) may result in thoracic 
hyperexpansion, poor ventilation and pulmonary 
barotrauma. A very long expiratory phase or dis- 
connection from the ventilator for up to 30s may be 
necessary to allow thoracic depressurization. Positive 
end-expiratory pressure (PEEP) and high ventilatory 
rates should be avoided if bronchospasm is present 
because these favour the development of gas trapping. 
Hypercapnia may have to be tolerated in order to avoid 
gas trapping and barotrauma. 


Complications Associated with Tracheal 
Intubation 


Difficult Intubation 


Some difficulty is experienced during tracheal 
intubation in about one in ten patients (10%). 
Approximately one in ten of these patients (1%) pres- 
ents significant difficulty in intubation. Intubation 
is impossible in about one in ten of these patients 
(0.1%), and both intubation and ventilation are im- 
possible in about one in ten of these (0.01%). In most 
instances, the cause of difficulty with the airway is 
difficulty in attaining an adequate view of the laryn- 
geal inlet at laryngoscopy. 

Poor management of difficult intubation is a sig- 
nificant cause of morbidity and mortality during an- 
aesthesia. Sequelae include dental and airway trauma, 
pulmonary aspiration, hypoxaemia, brain damage and 
death. Table 43.2 shows the commonest causes of diffi- 
culty in intubation. The single most important cause is 
an inexperienced or inadequately prepared anaesthetist 
and the difficulty is often compounded by equipment 
malfunction. The anatomical features associated with 
difficult laryngoscopy are listed in Table 43.3. Of these, 
the atlanto-occipital distance is the best predictor of 
difficulty but requires a lateral cervical X-ray. Many 
of these factors are normal anatomical variations, but 
extreme abnormalities do occur. A cluster of normal 
variations in an apparently healthy patient may be suf- 
ficient to cause major difficulties in laryngoscopy. 


Management. Preoperative examination of the airway 
(Table 43.4) is essential. Identification of patients with 
a potentially difficult airway (see Tables 43.2 and 43.3) 
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TABLE 43.2 


Causes of Difficult Intubation 


Anaesthetist 

Inadequate preoperative assessment 
Inadequate preparation of equipment 
Inexperience 

Poor technique 


Equipment 
Malfunction 
Unavailability 

No trained assistance 


Patient 

Congenital Syndromes (Down, Pierre Robin, 
Treacher Collins, Marfan) 
Achondroplasia 
Cystic hygroma 
Encephalocele 

Acquired Reduced jaw movement: 


Trismus (abscess, infection, fracture, 
tetanus) 
Fibrosis (post-infection, 
post-radiotherapy, trauma) 
Rheumatoid arthritis 
Ankylosing spondylitis 
Tumours 
Jaw wiring 
Reduced neck movement: 
Arthritis 
Ankylosing spondylitis 
Cervical fracture, instability, fusion 
Airway: 
Oedema (infection, trauma, 
angio-oedema, burns) 
Compression (goitre, haematoma) 
Scarring (radiotherapy, infection, 
burns) 
Tumours, polyps 
Foreign body 
Nerve palsy 
Others: 
Morbid obesity 
Pregnancy 
Acromegaly 


before anaesthesia allows time to plan an appropriate 
anaesthetic technique. The Mallampati test is a widely 
used and simple classification of the pharyngeal view 
obtained during maximal mouth opening and tongue 
protrusion (see pp. 455—456). In practice, this test sug- 
gests a higher likelihood of difficult laryngoscopy if the 
posterior pharyngeal wall is not seen. The predictive 
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TABLE 43.3 


Anatomical Factors Associated with 
Difficult Laryngoscopy 


Short, wide, muscular neck 


Protruding incisors 


High, arched palate 


Receding lower jaw 


Poor mobility of the mandible 


Increased anterior depth of mandible 


Increased posterior depth of mandible (reduces jaw opening, 
requires X-ray) 


Decreased atlanto-occipital distance (reduces neck extension, 
requires X-ray) 


TABLE 43.4 


Preoperative Assessment of the Airway 


General appearance of the neck, face, maxilla and mandible 


Jaw movement 


Head extension and neck movement 


Teeth and oropharynx 


Soft tissues of the neck 


Recent chest and cervical spine X-rays 


Previous anaesthetic records 


Mallampati classification 


Thyromental distance 


value of this test may be strengthened if the thyromen- 
tal distance (the distance between the thyroid cartilage 
prominence and the bony point of the chin during full 
head extension) is less than 6.5 cm. 

Premedication with an antisialagogue reduces 
airway secretions. This is advantageous before in- 
halational induction and essential for awake fibre- 
optic laryngoscopy to maximize the effectiveness of 
topical local anaesthesia. An anxiolytic may also be 
given (but is contraindicated in patients with airway 
obstruction, e.g. caused by burns, trauma, tumour 
or infection affecting the larynx or pharynx). The 
presence of a trained assistant is essential and the 
availability of an experienced anaesthetist and a ‘dif- 
ficult intubation’ trolley with a range of equipment 


such as bougies, a variety of laryngoscopes and tra- 
cheal tubes, and cricothyrotomy needles is desirable 
(see Ch 22). 

A variety of options exists for the patient in whom 
a difficult laryngoscopy is anticipated. If the procedure 
can be carried out under local or regional anaesthesia, 
then this technique should be used as the first choice 
(see Ch 24). However, the patient, anaesthetist and 
equipment must be prepared for general anaesthesia 
in case a complication arises. 

If general anaesthesia is necessary for the proce- 
dure, or if the patient refuses local or regional an- 
aesthesia despite a frank discussion of the risks, then 
steps must be taken to secure the airway safely. Unless 
tracheal intubation is essential for airway protec- 
tion or to enable muscle relaxation and ventilation, 
the use of an artificial airway such as the laryngeal 
mask with spontaneous ventilation is usually a safe 
technique. If intubation is essential, the appropriate 
anaesthetic technique depends on the anticipated de- 
gree of difficulty, the presence or absence of airway 
obstruction and the risk of regurgitation of gastric 
fluid. The management of the patient in whom dif- 
ficulties with airway management are anticipated is 
detailed in Ch 22. 

There is no place for the use of a long-acting muscle 
relaxant to facilitate tracheal intubation if difficulty is 
anticipated. Correct positioning of the head and neck 
is essential and the lungs should be denitrogenated 
after establishing intravenous access and appropriate 
monitoring. 

The safest anaesthetic technique may usually be 
chosen from the following clinical examples. 

1. Patients with an increased risk of regurgitation 
and aspiration (e.g. full stomach, intra-abdominal 
pathology, pregnancy). An inhalational induc- 
tion is inappropriate in these patients. Regional 
anaesthesia is preferable in the parturient (see 
Ch 35). Preoxygenation and a rapid sequence 
induction with succinylcholine can be used if 
there is little anticipated difficulty. If intubation 
is unsuccessful, no further doses of neuromus- 
cular blocking drug should be used, the patient 
allowed to wake and further assistance sought. 
If there is a high degree of anticipated diffi- 
culty, an awake technique is recommended (see 
below). 


2. Patients with little anticipated difficulty and no 
airway obstruction (e.g. mild reduction of jaw or 
neck movement). After a sleep dose of intrave- 
nous induction agent and confirmation of the 
ability to ventilate the lungs manually by mask, 
succinylcholine may be given to provide the best 
conditions for tracheal intubation. If difficulty 
is encountered, the patient is allowed to wake 
up and the procedure replanned. Where appro- 
priate, anaesthesia is deepened by spontaneous 
ventilation using a volatile agent and alternative 
techniques to facilitate tracheal intubation used 
(see Ch 22). 

3. Patients with severe anticipated difficulty and no 
airway obstruction (e.g. severe reduction of jaw 
or neck movement). Appropriate techniques in- 
clude inhalational induction with sevoflurane 
or the use of fibreoptic laryngoscopy either 
in the awake patient or after inhalational in- 
duction. Neuromuscular blocking drugs must 
not be used until the ability to ventilate the 
lungs manually and view the vocal cords is 
confirmed. 

4. Patients with airway obstruction (e.g. burns, in- 
fection, trauma). An inhalational induction may 
be used; otherwise an awake technique should 
be considered. Neuromuscular blocking drugs 
should not be used until tracheal intubation is 
confirmed. 

5. Extreme clinical situations. Tracheostomy per- 
formed under local anaesthesia may be the safest 
technique. 


Inhalational Induction 


Premedication with an antisialagogue is desirable. 
Depth of anaesthesia is increased carefully by spon- 
taneous ventilation of increasing concentrations of 
a volatile anaesthetic agent in 100% oxygen until 
laryngoscopy may be performed safely. Sevoflurane 
currently provides the best conditions for this pur- 
pose. If the larynx is viewed easily, intubation may 
be performed with or without a muscle relaxant. If 
the view is limited, a suitable bougie may be inserted 
to assist passage of the tracheal tube through the lar- 
ynx. Correct insertion of the bougie in the trachea 
may be confirmed by detecting the palpable bumps 
of the tracheal rings or resistance when the carina is 
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encountered. The tracheal tube is then passed over 
the bougie into the trachea. This manoeuvre is fa- 
cilitated by rotating the tracheal tube 90° as it passes 
through the glottis. If intubation during direct la- 
ryngoscopy is unsuccessful, anaesthesia may be 
maintained and the use of fibreoptic laryngoscopy, 
blind nasal intubation or a retrograde technique 
considered. 


Awake Intubation 


Fibreoptic laryngoscopy and intubation require spe- 
cial equipment, skill and time. The procedure may 
be performed by the nasal or oral route after topical 
anaesthesia has been achieved by spraying the nasal 
and oropharyngeal mucosa or gargling viscous prepa- 
rations of local anaesthetic. The injection of 3-5 mL 
of 2% lidocaine through the cricothyroid membrane 
induces coughing and anaesthetizes the tracheal and 
laryngeal mucosa. 

Conventional laryngoscopy can also be performed 
in conscious patients under local anaesthesia. After 
cricothyroid injection of lidocaine, laryngoscopy is 
performed in stages. The oropharynx is progressively 
anaesthetized with lidocaine spray until the patient 
tolerates deep insertion of the laryngoscope, enabling 
the larynx to be viewed. 


Failed Intubation 


The total incidence of failed tracheal intubation is 
approximately 1 in 1000 (0.1%), but about 1 in 300 
(0.3%) in obstetric patients. However, failed intuba- 
tion in obstetric patients is now a rare event because of 
the high percentage of obstetric surgical patients oper- 
ated on under regional anaesthesia. 

Most failed intubations result from the anaesthe- 
tist failing to insert the tube, but occasionally the tube 
may be misplaced, most commonly in the oesopha- 
gus. This complication has resulted in many deaths 
since the advent of tracheal intubation. It should be 
suspected whenever difficulty has been experienced in 
inserting a tracheal tube, particularly when direct vi- 
sual confirmation of the passage of the tube into the 
larynx has not been possible. Auscultation of the chest 
is recommended, although inflation of the stomach 
may occasionally mimic breath sounds. Auscultation 
over the stomach usually detects a bubbling sound if 
the oesophagus has been intubated. 
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Observation of a normal capnogram usually pro- 
vides assurance of tracheal placement of the tube, 
but cases have been described of patients who have 
‘expired’ carbon dioxide briefly despite oesophageal 
intubation, having ingested carbonated drinks or bi- 
carbonate antacids shortly before anaesthesia. A nor- 
mal and persistent expiratory capnogram should be 
sought as confirmation of tracheal tube placement. 

Fibreoptic bronchoscopy provides an excellent 
method of assuring the location of the tube, but is not 
usually available in every operating theatre. The Wee’ 
oesophageal intubation detector tests for the free aspi- 
ration of air via the tracheal tube into a rubber bulb. 
The device is cheap, easy to use and accurate, but total 
reliance should not be placed on this device. The cap- 
nogram is the ‘gold standard’ for confirming correct 
tracheal intubation. 

Poor management of failed intubation is a signifi- 
cant cause of serious morbidity and mortality. The 
aims of management are to maintain oxygenation and 
prevent aspiration of gastric contents. The ‘failed in- 
tubation drill’ is now established as an important skill 
for safe anaesthetic practice. An early decision to use 
a failed intubation protocol and to call for assistance 
is essential, because continued attempts at tracheal 
intubation may result in trauma to the airway, pul- 
monary aspiration or hypoxaemia (see Ch 22). The 
obstetric patient is a special case and is considered in 
Chapter 35. 

If the airway is obstructed and ventilation is in- 
adequate during management of a failed intubation, 
then insertion of an LMA should be considered (see 
Figs 22.3-22.5). It has been used successfully to pro- 
vide an airway and allow ventilation when attempts to 
intubate the trachea and ventilate the lungs by other 
means have failed. Alternatively, it may be possible 
to pass a small-diameter tracheal tube or a bougie 
through the LMA into the trachea; a variant of the 
LMA, the intubating LMA (ILMA) is designed spe- 
cifically to facilitate tracheal intubation. The LMA 
should not be regarded as providing protection 
against pulmonary aspiration, although it is claimed 
that the ProSeal™ LMA, which has a rearward port 
for the downward passage of a gastric tube or the up- 
ward passage of gastric contents, is better in this re- 
gard. The oesophageal obturator airway and similar 
devices are alternatives in an emergency, but there are 


doubts about their efficacy and there have been re- 
ports of misplacement and oesophageal rupture asso- 
ciated with their use. A recent innovation is an ILMA 
which incorporates a video camera and LCD screen, 
allowing direct visualization of the introduction of a 
tracheal tube through the larynx. 

When consciousness cannot be restored rapidly for 
pharmacological reasons, then transtracheal ventila- 
tion can be life-saving. A cannula or small-diameter 
tracheal tube may be passed via the cricothyroid 
membrane. Ventilation through a cannula requires 
high-pressure, ‘jet’ ventilation from a Sanders injector 
or the high-pressure oxygen outlet of the anaesthetic 
machine. More conventional ventilation is possible 
through a small-diameter tube placed via the cricothy- 
roid membrane, but the procedure, which requires a 
transcutaneous scalpel incision, requires some prac- 
tice and may result in haemorrhage. Both techniques 
allow adequate oxygenation for many minutes, and 
should provide time to allow the patient to awaken. 
Exhalation through a cricothyroid cannula may be in- 
adequate, and if the laryngeal inlet is not patent then 
inadequate ventilation and barotrauma may result. 
In this situation, an additional cannula should be in- 
serted to allow gas to escape. 

If it is essential that surgery proceeds without the 
patient awakening then oxygenation and carbon diox- 
ide elimination must be maintained while ensuring an 
adequate depth of anaesthesia. Any of the rescue tech- 
niques described above may be used, but usually the 
laryngeal mask or the fibreoptic bronchoscope prove 
most useful. 


Unintentional Bronchial Intubation 


Bronchial intubation results in the ventilation of one 
lung and denial of ventilation to the other. This causes 
hypoxaemia through the inevitably large pulmonary 
shunt caused by atelectasis and collapse of the unven- 
tilated lung. Intubation of the right main bronchus 
is more common because of its smaller angle with the 
trachea. This complication is avoided by cutting the tra- 
cheal tube to an appropriate length before intubation, 
observation of the passage of the tube through the vocal 
cords and adjusting the length of the tube at the patient’s 
incisors, and by confirmation of its position by auscul- 
tation after intubation and after changes in position of 
the patient on the operating table. 


Aspiration of Gastric Contents 


Regurgitation of gastric contents is common during 
anaesthesia. Frequently, regurgitation proceeds only as 
far as the mid-oesophagus, but occasionally gastric con- 
tents enter the oropharynx. This is particularly likely in 
patients with a hiatus hernia or a full stomach. The lat- 
ter may result from recent eating or drinking or may be 
the result of gastric outlet or bowel obstruction, pain, 
stress or drugs which delay gastric emptying, such as 
morphine and alcohol. Once gastric contents enter the 
oropharynx, there exists the potential for aspiration into 
the lungs. This is uncommon, but remains an impor- 
tant cause of morbidity and mortality associated with 
anaesthesia. Aspiration of oropharyngeal contents is 
more likely if those contents are allowed to remain in 
the oropharynx for a significant time, and if laryngeal 
reflexes are depressed. Aspiration may occur also in the 
sedated patient, whose laryngeal reflexes are diminished. 
Aspiration is more common during difficult intubation, 
emergency cases and in obese or pregnant patients. 

Mortality is high after aspiration of large quantities 
of gastric contents and the aspiration of solids, in par- 
ticular, is associated with a poor prognosis. The acid- 
ity of gastric contents is also important in determining 
the degree of severity of the pulmonary reaction to as- 
piration, with highly acid material being particularly 
inflammatory. Bronchospasm may be the first sign of 
pulmonary aspiration during general anaesthesia. If a 
large quantity of gastric material is aspirated, respira- 
tory obstruction, ventilation—perfusion mismatch and 
intrapulmonary shunting may produce severe hypox- 
aemia, with later development of chemical pneumoni- 
tis and/or infection. 


Management. At-risk patients should be managed 
actively to prevent the aspiration of gastric contents. 
The volume and acidity of the gastric contents should 
be reduced as far as possible. Preoperative fasting, his- 
tamine H,-receptor blockers and a gastric prokinetic 
drug (e.g. metoclopramide) are recommended. If gen- 
eral anaesthesia is essential, then the trachea must be 
intubated. Most commonly, this is achieved using a 
rapid-sequence induction with cricoid pressure (see 
Ch 37), but awake intubation is advisable if difficulty 
in intubation is predicted. During emergence, the tra- 
cheal tube should not be removed until protective air- 
way reflexes are regained when the patient is awake. 
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If aspiration occurs during anaesthesia, further 
regurgitation should be prevented by immediate ap- 
plication of cricoid pressure, and the patient should be 
placed in a head-down position. The left lateral position 
should also be considered to encourage the drainage of 
gastric contents out of the mouth. In all but the mild- 
est cases, the trachea should be intubated to facilitate 
removal of the aspirated material by suction before the 
use of positive-pressure ventilation. However, ventila- 
tion should not be delayed if significant hypoxaemia is 
present. Bronchodilator therapy may be required and 
the inspired oxygen concentration should be increased. 
Positive end-expiratory pressure may be used if hypoxae- 
mia is refractory to increasing inspired oxygen fraction. 
Non-emergency surgery should be abandoned if signifi- 
cant morbidity develops. Flexible bronchoscopy permits 
the removal of liquids, although rigid bronchoscopy may 
be necessary for the removal of solid matter. Intravenous 
steroids and pulmonary lavage with saline via a flexible 
bronchoscope may reduce the post-aspiration inflam- 
matory response. A chest X-ray and arterial blood gas 
measurement help in the assessment of the severity of 
injury. The patient should be transferred to a critical care 
unit for further monitoring and respiratory care. 


Hiccups 

Regular and repeated spasmodic diaphragmatic move- 
ments may occur after i.v. induction of anaesthesia and 
in association with vagal stimulation during light an- 
aesthesia. Anticholinergic premedication reduces the 
incidence of hiccups. Although difficult to treat, hic- 
cups are of little consequence unless surgery, or rarely 
oxygenation, is compromised. Persistent hiccups may 
be abolished by deepening anaesthesia, stimulating the 
nasopharynx with a suction catheter or administering 
metoclopramide. Profound muscle relaxation may be 
justified to stop all diaphragmatic movement if hic- 
cups are causing surgical difficulty. 


Hypoxaemia 


Hypoxaemia is an inadequate partial pressure of 
oxygen in arterial blood. Hypoxia is oxygen deficiency 
at the tissue level. A practical classification of the causes 
of hypoxaemia is shown in Table 43.5. Hypoxaemia 
threatens tissues globally and, if allowed to persist, risks 
permanent damage to those organs most delicately 
dependent upon continued oxygen supply. The first 
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TABLE 43.5 


Causes of Hypoxaemia During Anaesthesia 


Hypoxic Inspired Gas Mixture 


Equipment Oxygen supply (cylinder or pipeline failure, misconnection) 
Flowmeters (inaccurate settings, leak) 
Breathing system (obstruction, leak) 
Hypoventilation 
Equipment Ventilator failure, inadequate ventilatory minute volume 
Breathing system (obstruction, leak, disconnection) 
Tracheal tube (obstruction, oesophageal intubation) 
Patient Respiratory depression (spontaneously breathing) 
Obstruction 
V/Q Mismatch 
Patient Inadequate ventilation Bronchial intubation 
Secretions 
Atelectasis 
Pneumothorax 
Bronchospasm 
Pulmonary aspiration 
Pulmonary oedema 
Inadequate perfusion Embolus (gas, thrombus, amniotic fluid) 
Low cardiac output 
Other Methaemoglobinaemia 


Malignant hyperthermia 


organs to be damaged, most commonly, are the brain 
and heart, and any pathological impairment of their 
blood supply increases the risk of early and permanent 
damage. There is no categorically safe or unsafe level of 
arterial oxygen tension (PaO,). The risk presented by 
a level of hypoxaemia is dependent upon the patient’s 
haemoglobin concentration, cardiac output, state of 
hydration, concurrent disease processes (especially vas- 
culopathic diseases) and the duration of exposure to 
the lowered PaO,. In general, few patients are harmed 
by arterial oxyhaemoglobin saturations of greater than 
80%, but clearly, this low level provides very little mar- 
gin for safety should any other complication occur. 
Most anaesthetists choose to set the arterial oxygen sat- 
uration alarm limits on the pulse oximeter at 92-94%. 
Severe hypoxaemia produces tachycardia, sweating, 
hypertension and arrhythmias, although bradycardia 
is the commoner response in children. Tachypnoea 
occurs in spontaneously breathing patients. There 
may also be clinical signs associated with the cause. As 
arterial desaturation progresses, bradycardia and hy- 
potension (caused by myocardial depression) develop. 
Eventually, cardiac arrest occurs, usually in asystole. By 


this stage, the heart, brain, kidneys and liver may have 
incurred irreversible ischaemic damage. 

Hypoventilation is very common during anaesthe- 
sia, but in the presence of an adequate inspired oxygen 
concentration (i.e. over 30%) must be very severe to 
cause hypoxaemia. Reduction of the ventilatory minute 
volume from a normal value of 5 Lmin™ to 2Lmin™! 
in the presence of an inspired oxygen concentration of 
30% causes arterial oxygen saturation to decrease to 
only around 90% in an otherwise healthy patient. This 
represents severe hypoventilation, and produces an ar- 
terial carbon dioxide tension of approximately 13 kPa. 
The pulmonary shunting and atelectasis that can oc- 
cur during anaesthesia are much more likely to cause 
hypoxaemia than is hypoventilation. 


Management. Hypoxaemia occurring during anaes- 
thesia is almost invariably treatable and its compli- 
cations are preventable. Cyanosis should seldom be 
witnessed by the vigilant anaesthetist because the rou- 
tine use of pulse oximetry allows early detection and 
treatment of hypoxaemia. If hypoxaemia is detected, 
the following drill should be instituted. 


1. A-B-C. Ensure an adequate airway, ensure ad- 
equate ventilation and check for an adequate 
cardiac output by feeling the carotid pulse. 

2. Exclude delivery of a hypoxic gas mixture using 
an oxygen analyser. Increase the inspired oxygen 
concentration to 100%. 

3. Test the integrity of the breathing system by 
manual ventilation of the lungs and confirm bi- 
lateral chest movement and breath sounds. Blow 
down the tracheal tube if necessary. 

4. Confirm the position and patency of the tra- 
cheal tube by assessing the capnogram, passing 
a suction catheter through the tracheal tube and 
auscultating the chest. 

5. Search for clinical evidence of the causes of 
V/Q mismatch with early exclusion of pneu- 
mothorax. If atelectasis or reduced functional 
residual capacity (FRC) is contributory, gentle 
hyperinflation of the lungs should improve oxy- 
genation. Lung volume may be maintained by 
applying PEEP. 

6. If the diagnosis is difficult, measure core tem- 
perature, and consider arterial blood gas analysis 
and chest X-ray examination. 


Apnoea 


Apnoea occurs during most anaesthetics. It is emi- 
nently treatable, and usually results in no harm to 
the patient. The occurrence of hypoxaemia, hyper- 
capnia and acidaemia are predictable consequences 
of prolonged apnoea. The development of hypoxae- 
mia after induction of anaesthesia is often delayed by 
preoxygenation of the patient’s lungs. However, when 
hypoxaemia becomes evident, it progresses swiftly and 
inexorably unless oxygenation of the lungs is restored. 
Rapid progression of hypoxaemia occurs in the pres- 
ence of airway obstruction, high oxygen consumption 
and small FRC. Such factors may appear in combina- 
tion in small children, pregnancy and obesity. Carbon 
dioxide is retained during apnoea, and PaCO, increases 
by 0.4-0.8kPa min“, while arterial pH decreases by 
approximately 1.5 h™' or 0.025 min™!. Atelectasis devel- 
ops quickly during apnoea under anaesthesia, particu- 
larly in obese patients. 

As a consequence of its water solubility, very little 
carbon dioxide enters the lungs during apnoea and the 
net flow of ambient gas through an open airway and 
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into the alveoli is very nearly equal to the rate of oxygen 
consumption (i.e. 250mLmin™'). Consequently, ad- 
equate oxygenation may be assured for many minutes 
by the provision of 100% oxygen to the open airway 
during apnoea. If the airway is obstructed then this 
mass flow cannot occur and hypoxaemia develops 
much more quickly. In addition, the intrathoracic 
pressure may become significantly hypobaric if the 
airway is obstructed, and this further reduces the al- 
veolar and arterial oxygen tensions. 


Management. Unless required for surgery (e.g. dur- 
ing cardiopulmonary bypass or delicate lung surgery), 
apnoea should not be allowed to persist untreated. 
Significant atelectasis, hypercapnia and acidaemia may 
develop silently. If atelectasis develops, then recruit- 
ment manoeuvres may be successful in reversing it (see 
p. 867). 

The development of hypoxaemia during apnoea is 
greatly slowed by the provision of 100% oxygen to an 
open airway. Therefore, it is mandatory that periods 
of apnoea (e.g. during rapid-sequence induction) are 
accompanied by an airway open to a breathing system 
supplying 100% oxygen. This is of particular impor- 
tance during periods of high oxygen consumption 
(e.g. during fasciculations associated with adminis- 
tration of succinylcholine). Following the rescue of an 
obstructed airway, there is a rapid influx of ambient 
gas into the previously hypobaric thorax. Provision 
of 100% oxygen at this point may significantly re- 
store depleted oxygen reserves and arterial oxygen 
saturation. 


Hypercapnia 
Hypercapnia is an abnormally high partial pressure of 
carbon dioxide in arterial blood (PaCO,). Typically, this 
is indicated by a PaCO, greater than 6 kPa. Hypercapnia 
is caused by either inadequate carbon dioxide removal 
(e.g. caused by hypoventilation or increased pulmo- 
nary dead space) or excessive carbon dioxide produc- 
tion. During anaesthesia, hypercapnia may also result 
from an inadequate fresh gas flow rate into a semi- 
closed anaesthetic breathing system, or by exhausted 
carbon dioxide absorbent in a circle system, resulting 
in rebreathing of carbon dioxide. 

Carbon dioxide production increases during 
pyrexia, malignant hyperthermia and shivering. 
Inadvertent or excessive carbon dioxide delivery from 
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the anaesthetic machine and absorption of carbon di- 
oxide during laparoscopic procedures are other causes 
of hypercapnia. 

Hypercapnia stimulates activity of the sympathetic 
nervous system and causes tachycardia, sweating and 
arrhythmias (usually ectopics or tachyarrhythmias), 
increased cerebral blood flow, increased intracranial 
pressure, tachypnoea and alterations in arterial pres- 
sure. As anaesthetic drugs suppress autonomic re- 
sponses, these signs may not occur during anaesthesia 
until PaCO, is markedly increased. Acute respiratory 
acidosis produces an increase in serum potassium 
concentration. 


Management. Mild degrees of hypercapnia are usually 
tolerated well by spontaneously breathing patients un- 
less there is a contraindication such as head injury. If 
signs of significant hypercapnia occur, the anaesthetist 
should control ventilation and provide an appropriate 
ventilatory minute volume to normalize PaCO,,. 


Hypocapnia 

Hypocapnia is an abnormally low PaCO, (less than 4.5 
kPa). The most common cause is mechanical hyper- 
ventilation. Decreased carbon dioxide production 
may occasionally be responsible if the patient is cold 
or deeply anaesthetized. Hypocapnia produces respi- 
ratory alkalosis with a decrease in serum potassium 
concentration. There is generalized vasoconstriction 
and reductions in cerebral blood flow, cardiac out- 
put and tissue oxygen delivery. Patients with critical 
cerebrovascular stenosis may risk cerebral ischaemia, 
but otherwise hypocapnia tends not to produce sig- 
nificant morbidity. There may be a delay in onset 
of spontaneous ventilation at the conclusion of an- 
aesthesia in which mechanical ventilation has been 
used while PaCO, increases to levels which stimulate 
ventilation. 


Management. Decreasing the ventilatory minute vol- 
ume or increasing the breathing system dead space 
reduce removal of carbon dioxide from the blood. It 
is important to note that the most accessible represen- 
tation of PaCO, currently available to anaesthetists is 
the end-tidal carbon dioxide tension (P,,co,). This is 
usually approximately 0.5-1.0 kPa less than PaCO, but 
this gap varies significantly with the site of sampling 


of expired gas and with variations in the alveolar dead 
space fraction. The latter is affected by alterations in 
arterial pressure, cardiac output, posture and tidal vol- 
ume. The anaesthetist should not assume, therefore, 
that a low value of end-tidal carbon dioxide tension 
necessarily reflects a low PaCO,. Such an assumption 
could result in significant hypoventilation if the min- 
ute volume is reduced inappropriately. 


Pneumothorax 


The causes of pneumothorax include trauma, cen- 
tral venous cannulation especially via the subclavian 
route, brachial plexus blockade, cervical and thoracic 
surgery, and barotrauma. Occasionally, pneumothorax 
may develop spontaneously in patients with asthma, 
chronic obstructive pulmonary disease, congeni- 
tal cystic pulmonary disease or Marfan’s syndrome. 
During anaesthesia, very high mechanically generated 
peak inspiratory airway pressures greatly increase the 
risk of pulmonary barotrauma and pneumothorax. 
Patients with recent chest trauma, asthma or chronic 
lung disease (particularly with bullae) are most at risk. 
Pneumothorax significantly reduces ventilation of the 
affected lung with resultant carbon dioxide retention. 
Simultaneously, pulmonary shunting often occurs, 
with resultant hypoxaemia. 

Nitrous oxide diffuses into air-filled spaces more 
rapidly than nitrogen diffuses out, and causes pneu- 
mothoraces to expand. Mechanical ventilation forces 
gas into the pleural space if the lung has been punc- 
tured, with a rapid increase in the size of the pneu- 
mothorax. Increasing V/Q mismatch and hypoxaemia 
follow. If the pneumothorax is under tension, hypox- 
aemia, mediastinal shift, reduced venous return and 
impairment of cardiac output may be life-threatening. 
A pneumothorax should be excluded during anaesthe- 
sia if unexplained tachycardia, hypotension, hypoxae- 
mia, hypoventilation (in the spontaneously breathing 
patient) or high inflation pressures (in the ventilated 
patient) occur intraoperatively. Examination may re- 
veal unequal air entry, asymmetrical chest movement, 
wheeze, surgical emphysema, elevated jugular or cen- 
tral venous pressure, or mediastinal shift. Chest X-ray 
examination provides a definitive diagnosis, but treat- 
ment should not be delayed for this investigation if 
severe hypoxaemia or hypotension exist and a pneu- 
mothorax is suspected. 


Management. If pneumothorax is suspected prior to 
anaesthesia, then it should be excluded by chest X-ray. 
A chest X-ray should be performed preoperatively in all 
patients who have suffered recent chest trauma and in 
those in whom a central venous catheter has recently 
been inserted. Occasionally a chest X-ray fails to show 
a small pneumothorax which may expand rapidly with 
the use of nitrous oxide and positive-pressure ventila- 
tion. In patients with recent chest trauma, including rib 
fractures, regional analgesia may be the preferred tech- 
nique. If tracheal intubation and mechanical ventilation 
are required in a patient with a pneumothorax, a chest 
drain should be inserted before induction of anaesthe- 
sia. If there is a chest drain in situ, its patency and posi- 
tion should be checked before induction of anaesthesia. 

If a pneumothorax is suspected intraoperatively, 
treatment should not be delayed to confirm the diagnosis 
by chest X-ray examination. Administration of nitrous 
oxide should be discontinued and the lungs ventilated 
with 100% oxygen, using low inflation pressures. The 
presence of air in the pleural space may be confirmed 
by careful aspiration through an intravenous cannula 
inserted through the chest wall on the suspected side via 
the second intercostal space in the mid-clavicular line or 
in the fifth space in the mid-axillary line. If the pneu- 
mothorax is under tension, there may be a hiss as air is 
released. Temporary decompression using one or more 
large intravenous cannulae may be life-saving. If a pneu- 
mothorax is confirmed, the intravenous cannula should 
be left in place while a formal chest drain is inserted. 

The presence of a bronchopleural fistula with sub- 
stantial air leak may make ventilation ineffective. In 
this situation, hypoventilation ensues, resulting in car- 
bon dioxide retention. A tension pneumothorax may 
result. The affected lung may be isolated by insertion 
of a bronchial tube (either single- or double-lumen) or 
gas exchange improved by the use of high-frequency 
ventilation. A chest drain allows decompression of the 
pneumothorax. 


Atelectasis 


The reduction in functional residual capacity and the 
tendency to hypoventilation which occur during general 
anaesthesia make alveolar collapse, or atelectasis, com- 
mon. Atelectasis causes impairment of gas exchange and 
increases the risk of postoperative chest infection. Risk 
factors for its development include pre-existing lung 
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disease, lengthy anaesthesia, spontaneous ventilation, 
high abdominal pressures, high inspired oxygen frac- 
tions and the head-down position. Extended exposure 
of the open airway to atmospheric pressure adds signifi- 
cantly to the risk of alveolar collapse. In particular, pro- 
longed apnoea during anaesthesia (e.g. while awaiting 
the onset of spontaneous ventilation) causes atelectasis. 


Management. Atelectasis may be reduced through the 
use of mechanical ventilation during lengthy opera- 
tions, the incorporation of nitrogen into the inspired 
gas mixture, the use of a head-up position where possi- 
ble and the use of PEEP during mechanical ventilation 
or continuous positive airways pressure (CPAP) dur- 
ing spontaneous ventilation. If atelectasis is suspected 
(usually through observation of a gradual downward 
drift in arterial oxygen saturation or a gradual increase 
in peak inspiratory pressure during mechanical ven- 
tilation), several gentle manual hyperinflations of the 
lungs usually re-inflate the collapsed alveoli (alveolar 
recruitment) and result in an increase in arterial oxy- 
gen saturation. Inflation for up to 20s at 40 cmH,O is 
often required for a successful recruitment manoeu- 
vre. Such a recruitment manoeuvre is probably best 
performed using a mechanical ventilator. 

If atelectasis becomes established during general 
anaesthesia, then the patient is at increased risk of pul- 
monary dysfunction postoperatively. In this situation, 
the provision of good analgesia (to encourage cough- 
ing and mobilization), use of the sitting position and 
physiotherapy reduce postoperative morbidity. 


Cardiovascular Complications 
Hypertension 


Intraoperative hypertension may be defined as an arterial 
pressure (systolic, mean or diastolic) 25% greater than 
the patient’s preoperative value. Systolic hypertension in- 
creases myocardial work by increasing afterload and left 
ventricular wall tension. It is often associated with tachy- 
cardia, which places additional metabolic demands on 
the myocardium. Patients with ischaemic heart disease or 
left ventricular hypertrophy may be placed at risk of myo- 
cardial ischaemia or infarction. Chronic hypertension is 
associated with impaired organ perfusion through ath- 
erosclerosis. Acute intraoperative hypertension increases 
the risks of ischaemia, infarction and haemorrhage in 
other organs, and in particular, the brain. 
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Table 43.6 shows the commonest causes of hyperten- 
sion during anaesthesia. In the absence of pre-existing 
hypertension, the majority of instances of intraopera- 
tive hypertension are related to increased activity of the 
sympathetic nervous system. This may be associated 
with tachycardia and arrhythmias. The commonest 
causes of hypertension are inadequate analgesia, light 
anaesthesia, surgical stimulation and airway manipula- 
tion. Drug administration errors are probably under- 
recognised underlying causes. However, all instances of 
intraoperative hypertension must prompt exclusion of 
awareness and malignant hyperthermia as the cause. 


Management. Preoperative preparation reduces the 
incidence of unexpected intraoperative hypertension. 
Adequate pharmacological treatment of chronic hy- 
pertension is essential. Poorly controlled chronic 
hypertension may result in exaggerated vascular re- 
sponses during anaesthesia and these patients may suf- 
fer greater intraoperative and postoperative morbidity 
and mortality from arrhythmias and myocardial isch- 
aemia. A calm, relaxed patient is less likely to experi- 
ence intraoperative hypertension, so consideration 
should be given to anxiolytic premedication. Where 


TABLE 43.6 


Causes of Hypertension During Anaesthesia 
Pre-Existing 


Undiagnosed or poorly controlled hypertension 
Pregnancy-induced hypertension 
Withdrawal of antihypertensive medication 


Increased Sympathetic Tone 


Inadequate analgesia 

Inadequate anaesthesia 

Hypoxaemia 

Airway manipulation (laryngoscopy, extubation) 
Hypercapnia 


Drug Overdose 


Vasoconstrictors (noradrenaline, phenylephrine) 
Inotropes (dobutamine) 

Mixed inotropes/vasoconstrictors (adrenaline, ephedrine) 
Ketamine 

Ergometrine 


Other 


Aortic cross-clamping 
Phaeochromocytoma 
Malignant hyperthermia 


possible, surgery should be postponed until adequate 
control is achieved (e.g. arterial pressure less than 
180/110 mmHg) and organ function (e.g. heart and 
kidneys) assessed. If end-organ damage is found, it 
should be investigated, treated and the perioperative 
risk re-assessed. In the absence of such damage, anaes- 
thesia and surgery can usually proceed. There is some 
evidence that beta blockade, alpha, agonists or tho- 
racic epidural block may aid cardiovascular stability. 
Stimulating events during anaesthesia and surgery 
cause surges in sympathetic tone, with significant in- 
creases in arterial pressure. These events may usually 
be anticipated and a short-acting opioid (e.g. alfentanil 
10pgkg'), B-blocker (e.g. esmolol 0.5mgkg~'), lido- 
caine (1 mgkg™') or temporary deepening of the an- 
aesthetic may be used to obtund potentially damaging 
hypertension. Such events include laryngoscopy, sur- 
gical incision, extubation and aortic cross-clamping. 
Hypertension which occurs despite normoxaemia, 
adequately deep anaesthesia and adequate analgesia 
should prompt the exclusion of the causes listed in 
Table 43.6. If no pathological cause is found, the use 
of an antihypertensive agent such as labetalol or hy- 
dralazine may be indicated. The effect of negatively 
inotropic and vasodilating drugs is potentiated by an- 
aesthetic agents, so careful titration is required. 


Hypotension 


During anaesthesia, hypotension is usefully defined 
as a mean arterial pressure 25% less than the patient’s 
usual, resting value. Hypotension may impair perfu- 
sion and, consequently, oxygenation of vital organs. 
During anaesthesia, myocardial and cerebral meta- 
bolic rates are reduced significantly, and intraoperative 
hypotension is less likely to cause permanent damage 
to these organs than would be the case in the conscious 
state. However, pathological processes (e.g. atheroscle- 
rosis) commonly compromise the arterial supply to 
organs, and hypotension during anaesthesia occasion- 
ally results in critical loss of flow to vital organs. Left 
ventricular coronary artery flow occurs predominantly 
in diastole, and diastolic arterial pressure is particu- 
larly important in determining myocardial viability in 
patients with ischaemic heart disease. 

Hypotension is caused by decreases in cardiac out- 
put or systemic vascular resistance. Table 43.7 shows 
the common causes of intraoperative hypotension. 
Most anaesthetic agents cause vasodilatation and have 
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TABLE 43.7 


Causes of Hypotension During Anaesthesia 


Decreased Cardiac Output 


Decreased preload Hypovolaemia 


Obstruction 


Raised intrathoracic pressure 


Head-up position 


Inadequate preoperative resuscitation 
Gastrointestinal fluid loss 

Haemorrhage 

Pulmonary embolus 

Aorto-caval compression (surgery, pregnancy, 
tumour) 

Pericardial effusion/tamponade 

Mechanical ventilation, PEEP 

Pneumothorax 


Myocardial Reduced contractility Drugs (most anaesthetic agents, B-blockers, 
calcium antagonists) 
Acidosis 
Ischaemia/infarction 
Arrhythmias 
Pericardial tamponade 
Decreased Afterload 
Drugs Relative or absolute overdose (most anaesthetic 


agents, antihypertensives) 


Hypersensitivity (drugs, colloids, blood) 


Direct histamine release (morphine, atracurium) 


Central regional blockade (local anaesthetics) 


Sepsis/Systemic 
inflammatory response 
syndrome 


a negative inotropic effect, and moderate hypotension 
is very common during anaesthesia, particularly before 
the start of surgery when there is no physical stimu- 
lation to counteract the effects of anaesthetic drugs. 
Concurrent hypovolaemia caused by preoperative fluid 
restriction, in combination with haemorrhage or con- 
current antihypertensive drugs, may result in decreases 
in mean arterial pressure during anaesthesia and sur- 
gery. A mean arterial pressure of 50 mmHg or less is 
potentially damaging, even in healthy individuals, and 
should not be allowed to persist. The patients most at 
risk from the effects of hypotension are, unfortunately, 
often the patients most likely to develop it because of 
concurrent medications, poor myocardial reserve and 
atherosclerosis. Elderly or hypertensive patients should, 
therefore, be observed carefully for the development of 
hypotension, and it should be treated promptly. 


Management. Preoperative correction of hypovo- 
laemia helps to avoid excessive reduction in arterial 


pressure following induction of anaesthesia. The car- 
diovascular effects of anaesthetic agents are predict- 
able, and judicious doses of drugs should be used. 
Artefactual measurements are not uncommon 
when using oscillometric devices to measure arterial 
pressure. If intraoperative hypotension occurs and the 
measurement is validated, then a working diagnosis 
should be established and treatment should be com- 
menced, aimed at correcting the cause of the hypo- 
tension. Most commonly, this involves administering 
intravenous fluids or decreasing the concentration or 
infusion rate of anaesthetic agents, although care must 
be taken to ensure delivery of sufficient anaesthetic 
agent to avoid awareness. This treatment is effective in 
most patients. Persistent hypotension, where signifi- 
cant pathological causes (e.g. arrhythmia, anaphylaxis, 
concealed haemorrhage or pneumothorax) have been 
excluded, may be treated with a cautious dose of a va- 
sopressor agent (e.g. ephedrine 5mg or metaraminol 
1mg). Treatment of hypotension should follow the 
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sequence of assess— treat re-assess. Unexpected re- 
sponses to treatment should prompt a re-evaluation of 
the diagnosis and suspected aetiology. 


Hypovolaemia 


Hypovolaemia is a common intraoperative cause 
of hypotension. Its common aetiologies are listed 
in Table 43.8. The additive effects of anaesthesia, 
positive-pressure ventilation and hypovolaemia may 
cause sudden and severe hypotension, which may be 
life-threatening. All patients who are undergoing sur- 
gery, and in particular patients who require emergency 
surgery, should be assessed preoperatively with regard 
to intravascular fluid volume and fluid balance. Signs 
of hypovolaemia include thirst, dryness of mucous 
membranes, cool peripheries, oliguria (urine output 
<0.5mLkg"h"’), reduced tissue turgor, tachycardia and 


TABLE 43.8 


Causes of Hypovolaemia and Fluid Loss 
Preoperative 


Haemorrhage 
Trauma 
Obstetric 
Gastrointestinal 
Major vessel rupture (aortic aneurysm) 


Gastrointestinal 
Vomiting 
Obstruction 
Fistulae 
Diarrhoea 


Other 
Fasting 
Diuretics 
Fever 
Burns 


Intraoperative 
Haemorrhage 


Insensible loss 
Sweating 
Expired water vapour 


Third-space loss 
Prolonged procedures 
Extensive surgery 
Prolonged retraction 


Drainage of stomach, bowel, or ascites 


postural hypotension. Patients treated with a B-blocking 
drug may not develop a compensatory tachycardia de- 
spite being hypovolaemic. Fluid deficit and replacement 
are easily underestimated, especially in patients with in- 
testinal obstruction or concealed haemorrhage. Surgery, 
unless immediately life-saving, should be delayed to 
allow adequate fluid resuscitation and restoration of 
intravascular volume. The response of central venous 
pressure (CVP) to fluid challenges is a useful guide when 
assessing and treating patients with significant hypovo- 
laemia. Hypokalaemia and other electrolyte abnormali- 
ties are often associated with fluid deficits, particularly 
when there have been gastrointestinal losses. 

In the presence of hypovolaemia, hypotension after 
induction of anaesthesia is often exaggerated in the el- 
derly and in patients with decreased cardiac reserve or 
pre-existing hypertension. It is made less likely by fluid 
preloading and by titration of the induction agent to 
effect. Etomidate and ketamine produce less cardio- 
vascular depression than do other induction agents. 

Blood loss during surgery may be concealed. The 
anaesthetist must note carefully the total loss in suc- 
tion jars, swabs and spillage. Body water is lost during 
anaesthesia and surgery in urine, sweat and exhaled 
breath. Adequate intraoperative fluid replacement 
must account for all of these losses. During abdominal 
surgery, up to 5mLkg'h'! may be required to replace 
evaporative and third-space losses in addition to main- 
tenance requirements and replacement of blood loss. 


Haemorrhage 


Haemorrhage is the loss of blood and is inevitable dur- 
ing most forms of surgery. Loss of a significant pro- 
portion of the total intravascular volume threatens the 
patient’s well-being. Hypovolaemia causes reduced 
tissue perfusion, while loss of red cell mass causes 
reduced oxygen carriage in arterial blood. There is 
no safe degree of haemorrhage, in that patients dif- 
fer in their ability to tolerate blood loss. Anaemic or 
hypovolaemic patients are less able to compensate 
for haemorrhage than healthy patients. Patients with 
pre-existing compromise of vital organ perfusion (e.g. 
patients with diabetes mellitus or hypertension) suffer 
deleterious consequences of haemorrhage sooner than 
healthy patients. In general, adults who have lost 15% 
of circulating blood volume may require red blood cell 
transfusion to maintain oxygen-carrying capacity. 


Blood loss can be estimated by weighing swabs, 
measuring the volume of blood in suction bottles 
and assessing the clinical response to fluid therapy. 
Estimation is often difficult if large volumes of irri- 
gation fluid have been used, e.g. during transurethral 
resection of the prostate. Intraoperative measurement 
of haemoglobin concentration aids estimation of 
blood loss and guides therapy. With severe or ongoing 
haemorrhage, maintenance of intravascular volume is 
essential. When the cardiac output is preserved, very 
severe anaemia is often well tolerated for short periods, 
but low tissue blood flow in the presence of anaemia 
may produce rapid and irreversible organ damage. 

Massive blood loss may require the administration 
of stored blood, fresh frozen plasma, clotting factors 
and electrolytes. The problems of massive transfusion 
are discussed in Chapter 13. 


Disturbances of Heart Rate 


Bradycardia. Bradycardia is commonly defined as 
a heart rate less than 60 beat min™'. Heart rate very 
commonly decreases during anaesthesia because much 
afferent input is lost and because many anaesthetic 
agents and opioids have parasympathomimetic ac- 
tions. Surgical manipulations such as traction on the 
eye, cervical or anal dilatation and peritoneal trac- 
tion may increase vagal tone, producing bradycardia 
and occasionally sinus arrest. Several drugs may cause 
bradycardia. Succinylcholine may produce a profound 
decrease in heart rate, especially following repeat 
doses. Bradycardia occurs in some patients after in- 
travenous injection of rapidly acting opioid analgesics 
such as remifentanil, alfentanil and fentanyl. There 
have been several reports of profound bradycardia in 
association with the use of propofol. Finally, neostig- 
mine and B-blockers may cause profound bradycardia. 
Anaesthesia-induced bradycardia often leads to an es- 
cape rhythm, with a wandering suprajunctional pace- 
maker. Hypothermia and hypothyroidism can also 
cause bradycardia. 

Bradycardia reduces cardiac output, although the 
longer diastolic filling time and lower afterload may 
result in a larger ejection fraction. Diastolic pres- 
sure usually decreases and, consequently, myocardial 
perfusion is reduced. The concurrent reduction in 
myocardial oxygen demand protects against myo- 
cardial ischaemia, and myocardial damage caused by 
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bradycardia is very rare. However, other organs may 
suffer; in particular, the brain, kidneys and liver may 
become ischaemic if a very low heart rate is allowed 
to persist. 

Management. Healthy patients usually tolerate 
a heart rate of 30 beat min™' without organ damage. 
Patients with impaired organ perfusion or impaired 
oxygen carriage may not tolerate such low heart rates 
well. The risk of sinus arrest or asystole is heightened 
at this low rate, and most anaesthetists treat brady- 
cardia if the heart rate decreases to 40 beat min™ or 
less. Bradycardia becomes particularly significant if 
associated with significant hypotension. Bradycardia 
may be treated by administration of an anticholin- 
ergic, antimuscarinic agent such as glycopyrronium 
or atropine. If bradycardia is refractory to antimus- 
carinic agents, intravenous isoprenaline or cardiac 
pacing may be indicated. Atropine or glycopyrronium 
may be given prophylactically in operations in which 
surgical stimulation increases the risk of bradycardia 
(e.g. ophthalmic surgery) or before a second dose of 
succinylcholine. 


Tachycardia. During anaesthesia, tachycardia may be 
defined as a heart rate greater than 100 beat min™!. 
Tachycardia is a normal sign of increased sympathetic 
nervous system activity. It is observed in most pa- 
tients at some time during the perioperative period. 
Sympathetic nervous system activity is increased by 
hypoxaemia, hypercapnia, inadequate anaesthesia, 
inadequate analgesia, hypovolaemia, hypotension 
and noxious stimulation such as airway manipula- 
tions or surgical incision. Other signs of sympathetic 
nervous activity may be present, including hyperten- 
sion. Tachycardia is associated also with an increase in 
metabolic rate (e.g. fever, sepsis, burns, hyperthyroid- 
ism, malignant hyperthermia), or the administration 
of vagolytic drugs (e.g. atropine, pancuronium) or 
sympathomimetic drugs (e.g. ephedrine, adrenaline). 
Isoflurane and desflurane may also increase heart rate, 
particularly if introduced rapidly in a high concentra- 
tion. Tachycardia reduces diastolic coronary perfusion 
and simultaneously increases myocardial work. This 
may precipitate myocardial ischaemia in patients with 
coronary artery or hypertensive heart disease. 
Management. The cause of the tachycardia should 
be determined and treated, e.g. by providing additional 
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analgesia, deepening anaesthesia or giving intravenous 
fluids for hypovolaemia. Sinus tachycardia may be as- 
sociated with myocardial ischaemia despite exclusion 
or treatment of other causes. In this situation, the 
tachycardia may be controlled by careful intravenous 
titration of a B-blocker such as esmolol. 


Arrhythmia. Arrhythmias are not infrequent dur- 
ing anaesthesia, and common causes are listed in 
Table 43.9. Extracellular potassium concentration 
has a profound effect on myocardial electrical activ- 
ity. Hypokalaemia increases ventricular irritability 
and the risks of ventricular ectopics, tachycardia and 
fibrillation. This effect is potentiated in patients with 
ischaemic heart disease and in those receiving digoxin. 
Hyperventilation alters acid—base balance, with acute 
transmembrane redistribution of potassium. Serum 
potassium concentration decreases by approximately 


TABLE 43.9 


Causes of Arrhythmias During Anaesthesia 
Cardiorespiratory 


Hypoxaemia 
Hypotension 
Hypocapnia 
Hypercapnia 
Myocardial ischaemia 


Metabolic 


Catecholamines: 
Inadequate analgesia 
Inadequate anaesthesia 
Airway manipulation 
Sympathomimetics 
Hyperthyroidism 
Electrolyte disturbance: 
Hypokalaemia/hyperkalaemia 
Hypercalcaemia/hypocalcaemia 
Malignant hyperthermia 


Surgical 


Increased vagal tone (traction on eye, anus, peritoneum) 
Direct cardiac stimulation (chest surgery, CVP cannulae) 
Dental surgery 


Drugs 


Vagolytics (atropine, pancuronium) 
Sympathomimetics (adrenaline, ephedrine) 
Volatile anaesthetic agents (halothane, enflurane) 
Digoxin 


1 mmolL~' for every 2.5 kPa reduction in PaCO,. Life- 
threatening hyperkalaemia with atrioventricular con- 
duction block or ventricular fibrillation may occur if 
succinylcholine is used in patients with burns or de- 
nervating injuries. Electrolyte disorders are discussed 
further in Chapter 12. 

Management. Preoperative correction of fluid, 
electrolyte and acid-base imbalance is essential. 
Optimization of coronary artery disease and hyperten- 
sion is also helpful in avoiding intraoperative arrhyth- 
mias (Ch 18). 

Continuous intraoperative ECG monitoring is man- 
datory during anaesthesia because arrhythmias are so 
common. Lead II best demonstrates atrial activity and 
its use is recommended for routine ECG monitoring. 
As the ECG gives no indication of cardiac output or 
tissue perfusion, the detection of an abnormal cardiac 
rhythm should be followed by rapid assessment of the 
circulation. An absent pulse, severe hypotension or ven- 
tricular tachycardia or fibrillation should be treated as 
a cardiac arrest. The anaesthetist must exclude hypox- 
aemia, hypotension, inadequate analgesia and light an- 
aesthesia as possible causes of arrhythmia. Correction 
of the precipitating factor is often the only treatment 
required. If the arrhythmia persists and causes a signifi- 
cant decrease in cardiac output, if it is associated with 
myocardial ischaemia or if it predisposes to ventricular 
tachycardia or fibrillation, intervention with a specific 
antiarrhythmic agent or electrical cardioversion is indi- 
cated. Serum potassium concentration should be mea- 
sured if ventricular arrhythmias occur, especially if the 
patient is receiving digoxin. 


Atrial Arrhythmias. These may reduce the atrial 
contribution to left ventricular filling, resulting in a 
decrease in cardiac output. Premature atrial contrac- 
tions and wandering atrial pacemakers are common 
and of little consequence. 

Junctional rhythm is associated usually with the use 
of halothane. Reduction in concentration or change of 
volatile agent is indicated. Administration of an anticho- 
linergic drug may be required to restore sinus rhythm. 

Accelerated nodal rhythm may be precipitated by an 
increase in sympathetic tone in the presence of a sen- 
sitizing volatile anaesthetic agent. Adjusting the depth 
of anaesthesia or changing the anaesthetic agent is ap- 
propriate treatment. 


Supraventricular tachycardia (SVT) may occur at 
any time during the perioperative period in susceptible 
patients, such as those with Wolff—Parkinson—White 
or other ‘pre-excitation’ syndromes. If attempts to in- 
crease vagal tone and terminate the SVT by carotid 
sinus or eyeball massage are unsuccessful, the treat- 
ment of choice is adenosine by rapid intravenous 
injection. This is safe and effective during haemody- 
namic instability because its duration of action is less 
than 60s. It blocks atrioventricular conduction with- 
out compromising ventricular function. Adenosine 
should not be given to patients with asthma or 
atrioventricular conduction block. If adenosine is 
unavailable and the patient is normotensive, intra- 
venous verapamil or esmolol may be given in incre- 
ments. Verapamil may cause prolonged hypotension 
and depression of ventricular function, especially in 
the presence of anaesthetic agents which cause myo- 
cardial depression; B-blockers should not be used 
in conjunction with verapamil because of their un- 
predictable synergy, which may result in profound 
bradycardia. DC cardioversion is indicated if the 
SVT is associated with hypotension and adenosine is 
unavailable. 

Atrial flutter or fibrillation may be observed dur- 
ing anaesthesia de novo or as a paroxysmal increase 
in ventricular rate in patients with pre-existing atrial 
flutter or fibrillation. After correcting any precipi- 
tating factors, rate control with a beta-blocker is the 
usual first choice. Digoxin may be appropriate for 
patients with heart failure. Amiodarone may also be 
used. Immediate cardioversion should be considered 
if the ventricular rate is fast with a significant reduc- 
tion in cardiac output. 


Ventricular Arrhythmias. Premature ventricular con- 
tractions (PVCs) are common in healthy patients and 
may be present preoperatively. If associated with a 
slow atrial rate (escape beats), increasing the sinus rate 
by administration of an anticholinergic drug should 
abolish them. In other situations, an underlying cause 
should be sought before antiarrhythmic agents are 
considered, as PVCs rarely progress to more seri- 
ous arrhythmias unless they are multifocal and fre- 
quent or if there is underlying myocardial ischaemia 
or hypoxaemia. Halothane lowers the threshold for 
catecholamine-induced ventricular arrhythmias, and 
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this effect is exacerbated by hypercapnia. Halothane 
should be used with care in patients receiving sym- 
pathomimetic drugs (including local anaesthetics 
containing adrenaline) and in patients taking amino- 
phylline or drugs that block noradrenaline re-uptake, 
such as tricyclic or other antidepressants. The maxi- 
mum recommended dose of adrenaline for infiltra- 
tion in the presence of halothane is 100 ug (10 mL of 
1 in 100 000) during any 10-min period, although 
the rate of absorption depends on the site of injec- 
tion. The use of isoflurane carries a much lower risk of 
development of arrhythmias and sevoflurane has an 
even lower potential to cause myocardial sensitization 
to catecholamines. 

Heart block. Impulses from the atria may be 
variably conducted to the ventricles. Degrees of im- 
pairment range from a small time delay in onward 
transmission to complete failure of onward propaga- 
tion of impulses. Heart block may result in bradycar- 
dia and reduced cardiac output. Treatment is seldom 
necessary during anaesthesia, but minor degrees of 
atrioventricular block may progress to complete 
heart block, in which atrial impulses do not reach 
the ventricles. In this situation, bradycardia is usu- 
ally severe and the atria no longer assist in filling the 
ventricles before ventricular systole. Cardiac output 
may fall to life-threateningly low levels, and immedi- 
ate treatment is necessary. This includes intravenous 
isoprenaline and transcutaneous or transvenous 
cardiac pacing. 

Ventricular tachycardia is uncommon during anaes- 
thesia. If it is not causing significant hypotension, cur- 
rent ALS guidelines recommend amiodarone 300mg 
i.v. over 20-60 min followed by 900 mg over 24 hr. DC 
cardioversion may be required if the patient is un- 
stable. Ventricular tachycardia with no cardiac output 
should be treated according to ALS guidelines for car- 
diac arrest. 

Ventricular fibrillation is very uncommon in as- 
sociation with anaesthesia. It requires immediate DC 
cardioversion. 

Any arrhythmia which causes the loss of a palpable 
pulse should be treated as for cardiac arrest, with im- 
mediate external (or internal, if appropriate) cardiac 
massage, ventilation of the lungs with 100% oxygen 
and drug treatment as specified in the appropriate 
Advanced Life Support protocol (see Ch 47). 
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Myocardial Ischaemia 


The heart has the highest oxygen consumption per 
tissue mass of almost all the organs (second only to 
the carotid body). Resting coronary blood flow is 
250 mL min“ and represents 5% of the cardiac out- 
put. The oxygen extraction ratio of the myocardium 
is 70-80%, compared with an average of 25% for 
other tissues. Increased oxygen consumption must 
be matched by an increase in coronary blood flow. 
Ischaemia results when the oxygen demand out- 
strips supply. Even very brief reductions in supply 
result in ischaemia, which may lead rapidly to in- 
farction and permanent loss of muscle function in 
the affected area. 

Myocardial oxygen delivery is the product of arte- 
rial oxygen content and coronary artery blood flow. 
The diastolic pressure time index (DPTI) reflects coro- 
nary blood supply. It is the product of the coronary 
perfusion pressure (predominantly diastolic arterial 
pressure) and diastolic time. Oxygen demand is repre- 
sented by the tension time index (TTI), the product of 
systolic pressure and systolic time. 

The ratio of DPTI/TTI is the endocardial viability 
ratio (EVR) and represents the myocardial oxygen 
supply—demand balance. The EVR is usually greater 
than one. A value of less than 0.7 is associated with sub- 
endocardial ischaemia. Such a value may be reached in 
a patient with the data shown in Table 43.10. 

It is clear from the above that tachycardia is partic- 
ularly dangerous in generating myocardial ischaemia, 


TABLE 43.10 


Patient Data Generating a Dangerously 
Low Endocardial Viability Ratio 


Arterial pressure: 180/90 mmHg 

Heart rate (HR): 130 beat min“! 

LVEDP 10 mmHg 

DPTI = (90 — 10) mmHg x (60s/130 — 0.2s) 
= 21smmHg 

TTI = 180 mmHg x 0.2s 
= 36smmHg 

EVR = 0.58 


Systolic time is typically fixed at 0.2s, and diastole occupies the 
remaining time. 


while systolic hypertension and diastolic hypotension 
may also contribute. Patients with coronary artery 
disease are most at risk. Intraoperative myocardial 
ischaemia may manifest clinically as arrhythmia, hy- 
potension or pulmonary oedema. It is diagnosed by 
ECG ST-segment changes (usually depression), al- 
though these are not always detected reliably without 
computer-assisted analysis. The use of the V5 electrode 
is recommended for ECG monitoring in susceptible 
patients (e.g. the CM5 configuration; see Ch 16) be- 
cause it is the most sensitive ECG lead for the detection 
of left ventricular ischaemia. When used alone, it may 
detect up to 85% of the ST abnormalities on a stan- 
dard 12-lead ECG. 

Transoesophageal echocardiography may detect 
abnormal myocardial wall motion, which is a sen- 
sitive indicator of ischaemia and is associated with 
increased perioperative morbidity. Regional wall 
dysfunction often persists into the postoperative 
period without clinical signs. Increased myocardial 
work during this period (e.g. from pain) may pre- 
cipitate further ischaemia or infarction in susceptible 
patients. While the risk of infarction in the general 
surgical population is low, the overall mortality rate 
following perioperative myocardial infarction ap- 
proaches 50%. 


Management. Preoperative preparation of the at-risk 
patient includes optimization of anti-anginal and 
antihypertensive medication, suppression of anxiety 
and assurance of normal intravascular volume. During 
anaesthesia, the risks associated with ischaemia are 
minimized by the use of an appropriate anaesthetic 
technique and early detection by the use of appropri- 
ate monitoring in susceptible patients. 

If ischaemia is detected, arterial oxygen content 
should be increased by optimizing PaO, and haemo- 
globin concentration. Tachycardia should be controlled 
by ensuring that analgesia, anaesthesia and intravas- 
cular volume are satisfactory. If systolic hypertension, 
diastolic hypotension or tachycardia exist, then these 
may be controlled pharmacologically; most com- 
monly, increments of a vasodilator or B-blocker are 
administered to treat hypertension or tachycardia. 
If signs of myocardial ischaemia persist, the use of a 
venodilator such as glyceryl trinitrate by intravenous 
infusion should be considered. 


Embolus 


An embolus is the passage of a non-blood mass 
through the vascular system. Venous emboli usually 
become lodged in the lung, where they impair gas 
exchange and cause a local inflammatory reaction. 
Arterial emboli cause obstruction, which may result in 
distal ischaemia. 


Thromboembolus 


Embolization of thrombus occurs usually from the 
deep veins of the legs or pelvis. It is uncommon dur- 
ing anaesthesia. It is often preceded by a period of im- 
mobilization, so that patients whose hospital stay is 
extended or who have suffered major trauma are at 
highest risk. Other risk factors include malignancy, 
smoking, pelvic and limb surgery, the oral contra- 
ceptive or hormone replacement therapy, and a past 
history of venous thromboembolism. Venous stasis 
caused by venous compression, hypovolaemia, hypo- 
tension, hypothermia or the use of tourniquets also 
increases the risk of deep venous thrombosis. Veins 
may sustain trauma during positioning and surgery, 
and increased blood coagulability, with a consequent 
increase in the risk of venous thrombosis, is a conse- 
quence of the stress response to surgery. 

During anaesthesia, pulmonary thromboembolism 
may present with tachycardia, hypoxaemia, arrhyth- 
mia, hypotension, bronchospasm, an acute decrease in 
the end-tidal carbon dioxide concentration or cardio- 
vascular collapse. 


Management. Patients with risks factors should be 
managed actively to prevent deep venous thrombosis. 
The oral contraceptive pill or hormone replacement 
therapy should be stopped at least 6 weeks before elec- 
tive surgery in patients at risk. Prophylactic heparin, 
graduated compression stockings and intraoperative 
intermittent calf compression reduce the likelihood of 
new thrombosis. The use of subarachnoid or epidural 
anaesthesia reduces the risk of postoperative venous 
thromboembolism in some surgical groups. 

If intraoperative pulmonary embolism is suspected, 
the lungs should be ventilated with 100% oxygen and 
bronchodilator therapy, fluid loading and inotropic 
support of the circulation should be considered. In ex- 
treme presentations, cardiac arrest protocols should be 
used. After management of the initial haemodynamic 
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disturbance, thrombolytic therapy (if not contraindi- 
cated), anticoagulation and, rarely, surgical removal of 
the embolus may be indicated. 


Gas Embolus 


Gas usually enters the circulation through a surgical 
wound. A subatmospheric venous pressure greatly en- 
courages the entrainment of air into the venous sys- 
tem. Therefore, positions that place the operative site 
above the right atrium carry an increased risk of air 
embolism. Such positions include sitting, park bench, 
knee-chest and head-up. Vascular catheters are another 
potential route for air entry, particularly during their 
insertion. Gas embolism (usually carbon dioxide) may 
also occur during laparoscopy and thoracoscopy. 

Clinical presentation varies with the volume and 
rate of gas entry into the circulation. An entry rate of 
0.5 mLkg™' min“ has been reported to produce clinical 
signs. If a significant volume of gas enters the right side 
of the heart, an airlock may develop, preventing ejec- 
tion of blood and effectively halting cardiac output. 
A ‘millwheel murmur’ may be heard via a precordial or 
oesophageal stethoscope, although this is reported to 
be a late sign and only occurs with very large emboli. 
The sudden decrease in right ventricular output results 
in a rapid decrease in end-tidal carbon dioxide con- 
centration. Hypoxaemia, tachycardia, ECG changes 
(especially arrhythmia) and an increase in pulmonary 
artery pressure follow. 

Transoesophageal echocardiography and precordial 
Doppler ultrasound are the most sensitive monitors 
for gas embolus. Clinical and ECG signs have a low 
sensitivity for detection of gas embolism. As the fora- 
men ovale is potentially patent in more than 25% of 
the population, an increase in right heart pressure may 
open the foramen in these patients. Paradoxical gas 
embolism via this route or across the pulmonary cap- 
illary bed to the coronary or cerebral circulations may 
cause myocardial or cerebral ischaemia and infarction. 


Management. Prevention of intraoperative air em- 
bolus requires adjustment of the patient’s position and 
the site of the operative field with respect to the right 
atrium. If air embolism is detected, further air entry 
is prevented by flooding the operative site with saline. 
During head and neck procedures, the venous pressure 
at the surgical site may be increased by compressing 
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the jugular veins. If possible, the operative site should 
be lowered relative to the right atrium. The application 
of PEEP increases venous pressure and reduces further 
ingress of air. 

During insufflation procedures, the surgeon should 
be instructed to depressurize the insufflated body cav- 
ity. If the gas embolus is symptomatic, administration 
of nitrous oxide should be discontinued to avoid ex- 
pansion of gas bubbles and the lungs should be venti- 
lated with 100% oxygen. Carbon dioxide is absorbed 
by tissues much more rapidly than air. Carbon dioxide 
embolism usually results in transient hypotension or 
cardiac arrest, whereas air embolism is often fatal. 

Occasionally, gas may be aspirated from the right 
ventricle or atrium via a venous catheter. However, 
insertion of a catheter is usually impractical and time- 
consuming, and aspiration is only worth attempting 
if a catheter is already in place. Expansion of the in- 
travascular fluid volume, inotropic support of the cir- 
culation and internal or external cardiac massage may 
be necessary. Placing the patient in a head-down left 
lateral position may help by allowing gas from the 
right ventricle to escape into the atrium and vena cava. 


Other Emboli 


Fat dislodged from long bone fractures may embolize 
to the lungs. Patients typically develop sudden mental 
disturbance, shortness of breath, hypoxaemia, and ax- 
illary and subconjunctival petechiae. Onset is usually 
2-48 h after the injury. Fat globules may be seen in the 
urine and sputum, or in the retinal vessels during fun- 
doscopy. There should be a high index of suspicion if 
unexpected haemodynamic events or hypoxaemia oc- 
cur in patients undergoing surgery for pelvic or lower 
limb fractures. Treatment is with intravenous fluids, 
steroids and ventilatory support as necessary. The use 
of intravenous albumin to bind free fat is controversial. 

Other material which may embolize includes 
tumour fragments, amniotic fluid and orthopaedic 
cement. Air or clot may embolize via arterial cannulae 
and produce distal ischaemia. 


Neurological Complications 


Awareness 


Recall of intraoperative events occurs in 0.03—0.3% of 
anaesthetics. Such recall may be spontaneous, or may 
be provoked by postoperative events or questioning. 


Awareness during anaesthesia may be a very distressing 
event for a patient, particularly if it is accompanied by 
awareness of the painful nature of an operation or the 
presence of paralysis. However, the majority of recalled 
events are not painful, and 80-90% of patients recall- 
ing intraoperative events have not experienced pain. 
Awareness may have psychological sequelae including 
insomnia, depression and post-traumatic stress disor- 
der (PTSD) with distressing flashbacks. 

The risk of awareness correlates with depth of an- 
aesthesia. Light anaesthesia, particularly when the pa- 
tient is paralysed by muscle relaxants, is associated with 
the highest risk of awareness. Awareness is associated 
frequently with poor anaesthetic technique. Errors in- 
clude the omission or late commencement of volatile 
agent, inadequate dosing or failure to recognize the 
signs of awareness. Underdosing of anaesthetic agent 
may occur during hypotensive episodes, when anaes- 
thetic is withheld in an attempt to maintain arterial 
pressure. Breathing system malfunctions, misconnec- 
tions and disconnections have been associated with 
awareness. 

The signs of awareness in a paralysed patient arise 
from activation of the sympathetic nervous system 
(sweating, tachycardia, hypertension, tear formation), 
and dilatation and reactivity to light of the pupils. 
Unparalysed patients experiencing noxious stimula- 
tion may move or grimace. Depth of anaesthesia may 
be assessed through clinical examination, monitoring 
of the patient’s expired volatile agent concentration or 
using specialized monitoring equipment. Such equip- 
ment includes processed electroencephalography such 
as the bispectral index and auditory evoked potential 
monitoring systems. If the end-tidal concentrations of 
inhaled anaesthetic agents summate to a total of greater 
than about 0.8-0.9 MAC, it is exceptionally unlikely 
that a patient experiences intraoperative awareness. 

Awareness is more likely to occur during emergency 
and obstetric surgery, during neuromuscular paralysis, 
during periods of hypotension and in patients treated 
with a B-blocker (which prevents tachycardia and hy- 
pertension). The use of intravenous drugs for main- 
tenance of anaesthesia (e.g. propofol target-controlled 
infusion) may be associated with an increased risk of 
awareness compared with the use of inhaled anaes- 
thetic agents. It is not possible currently to monitor, in 
real time, the concentration of intravenous agents in 


blood, while it is possible to monitor exhaled volatile 
agents. Additionally, the scatter about the mean of the 
minimum inhibitory concentration (MIC) for intrave- 
nous agents is greater than the equivalent for inhaled 
agents (MAC). 


Management. If the anaesthetist suspects, intraopera- 
tively, that a patient may be experiencing awareness, 
anaesthesia should be deepened immediately. If the 
arterial pressure is low despite an inadequate dose of 
anaesthetic agent, then the arterial pressure should be 
supported through the use of intravenous fluids, mod- 
ification of ventilatory pattern or intravenous admin- 
istration of a vasopressor, and anaesthesia deepened 
appropriately. Consideration should be given to the 
use of an intravenous benzodiazepine (e.g. midazolam 
5mg). Some retrograde amnesia may be gained and 
further recall is made less likely through the antero- 
grade amnesic effect. 

If a patient complains in the postoperative period 
of intraoperative awareness, the anaesthetist should 
be informed and should visit the patient. The an- 
aesthetist should establish the timing of the episode 
and try to distinguish between dreaming and aware- 
ness. If there is genuine awareness and a clear anaes- 
thetic error, then a prompt apology and explanation 
should be provided. All details should be recorded 
in the case notes. The situation may be exacerbated 
if staff refuse to believe the patient. It is essential 
to offer follow-up counselling for the patient and 
to inform the patient’s general practitioner. See the 
Medicolegal aspects of complications section above for 
further detail of dealing with any subsequent formal 
complaints. 

Awareness occasionally occurs despite apparently 
excellent practice and in the absence of equipment 
malfunction. Successful defence against litigation re- 
quires that the anaesthetist has made thorough records. 
It is advisable that the anaesthetist always records the 
timing (absolute and relative to surgery) and dose of 
anaesthetic agents (inhaled or intravenous). 


Neurological Injury 
Ischaemia of the Central Nervous System 


Transient disruptions of central nervous system 
(CNS) perfusion and oxygenation are common dur- 
ing anaesthesia. However, prolonged reduction in 
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oxygenation of the CNS may result in ischaemia or 
infarction. Ischaemic injury varies from minimal, 
focal dysfunction to stroke or death. The mecha- 
nism is related usually to hypoxaemia and/or hypo- 
tension. The risk of ischaemic brain damage related 
to hypotension is increased in patients with athero- 
sclerosis, and, in particular, cerebrovascular disease. 
A history of previous transient ischaemic attacks 
or stroke makes CNS injury much more likely dur- 
ing anaesthesia. Rarely, intracerebral haemorrhage 
may occur during anaesthesia, with consequent lo- 
cal compression and downstream ischaemic injury. 
Although the risk is increased if arterial pressure 
has been very high, there have been reports of intra- 
cerebral haemorrhage during anaesthesia without 
episodes of hypertension. It is likely that previously 
undetected vascular abnormalities were present in 
these cases. 

The cervical spinal cord may be damaged dur- 
ing tracheal intubation and positioning in patients 
with cervical spine instability from fractures, rheu- 
matoid arthritis or congenital conditions such as 
Down’s syndrome. Extreme rotation, flexion or 
extension of the neck may cause cerebral isch- 
aemia because of vertebrobasilar insufficiency in 
susceptible patients. Ischaemic spinal cord injury 
may also occur during major vascular and spinal 
surgery, when the local arterial supply may be 
compromised. 


Management. Hypoxaemia and hypotension should 
not be allowed to persist, particularly in patients 
at risk of CNS ischaemic injury. Severe hypocap- 
nia should be avoided because of its potential for 
global cerebral vasoconstriction. Deep anaesthesia 
results in a greatly lowered cerebral metabolic rate, 
and this confers some protection against cerebral 
ischaemia. 


Peripheral Nerve Injury 


Peripheral nerves may be injured through hypoten- 
sion and hypoxaemia, but they are far more resistant 
than is the CNS. Peripheral injuries occur more com- 
monly because of poor positioning or direct injury 
during nerve blockade or vascular catheter place- 
ment. This topic is dealt with in more detail later in 
this chapter. 
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Temperature 
Hypothermia 


Body temperature very commonly decreases during 
anaesthesia. A decrease to a core temperature below 
36°C represents hypothermia. Hypothermia causes 
physiological derangement and increases periopera- 
tive morbidity (see also Ch 11). 

Heat production is decreased during anaesthesia. 
Anaesthetic agents alter hypothalamic function, re- 
duce metabolic rate, abolish behavioural responses 
to heat loss and abolish shivering. Heat loss increases 
during anaesthesia and surgery because of heat re- 
distribution to the peripheries by vasodilatation and 
increased radiation by the exposure of large, moist sur- 
faces. Evaporative heat loss is increased by ventilation 
of the lungs with cold dry gas, the use of wet packs 
and operations on open body cavities. Heat loss is ex- 
acerbated by low ambient temperature, and high air 
flow in the operating theatre promotes convective and 
evaporative loss. Irrigation and intravenous infusion 
of cold fluids are also associated with increased heat 
loss. The risks of hypothermia are greatest in neonates 
and infants, patients with a low metabolic rate (such as 
the elderly) and patients with burns. 

The effects of hypothermia are dependent upon the 
change in core temperature. Metabolic rate reduces 
by approximately 10% for each 1°C reduction in core 
temperature. Cardiac output decreases and the affin- 
ity of haemoglobin for oxygen is increased, causing 
a reduction in tissue oxygenation. Significant hypo- 
thermia is associated with metabolic (lactic) acidosis, 
oliguria, altered platelet and clotting function, and re- 
duced hepatic blood flow with slower drug metabo- 
lism. The MAC of volatile agents is reduced (also by 
approximately 10% for each 1°C decrease) and muscle 
relaxants have a longer and more variable duration of 
effect. Postoperative shivering increases oxygen con- 
sumption and myocardial work. Peripheral vasocon- 
striction increases afterload, further increasing the risk 
of myocardial ischaemia. Hypothermia also increases 
the risk of postoperative infections because of sup- 
pression of function of the immune system. 


Management. Ambient temperature and humidity 
should be maintained as high as is comfortable for staff 
working in the operating theatre. The patient should be 


protected from the cool ambient environment during 
all phases of anaesthesia and during transfers. A con- 
vective warming blanket (e.g. Bair Hugger™), which 
surrounds the patient with a microenvironment of 
warm air, is particularly effective. The head and any ex- 
posed moist viscera lose heat particularly quickly and 
wrapping these is effective in preventing radiation and 
evaporative heat loss. Cold intravenous fluids should 
be warmed where possible, although this should not 
compromise the administration of adequate volumes. 
Inspired gases should be warmed and humidified. 
A heat and moisture exchanging device is very effective 
in this regard, and is often combined with a microbial 
filter. 

In all but very short operations, the measures de- 
scribed above should be started as soon as possible 
after induction of anaesthesia, and core temperature 
should be monitored both to detect hypothermia and 
to adjust the warming devices to prevent hyperther- 
mia developing. If core temperature remains signifi- 
cantly below 35°C at the end of surgery, consideration 
should be given to keeping the patient anaesthetized 
until temperature is normalized. This applies particu- 
larly to patients with cardiovascular or cerebrovascular 
disease, or metabolic abnormalities. 

Induced deep hypothermia (as low as 16°C) may be 
used for neurosurgical, aortic or cardiac procedures in 
which circulatory arrest is required to provide the nec- 
essary operating conditions. Large reductions in the 
metabolic rate reduce tissue oxygen consumption and 
allow a short period of circulatory arrest. Hypothermia 
reduces cerebral oxygen consumption and is used in 
the management of severe head injury or after cerebral 
hypoxic/ischaemic events. 


Hyperthermia 


Hyperthermia during anaesthesia may be defined 
as a core body temperature greater than 37.5°C and 
is usually caused by an increase in heat production. 
Common causes include sepsis and infection, drug 
reactions (anaphylaxis, incompatible blood transfu- 
sion), excessive catecholamine activity (phaeochromo- 
cytoma, thyroid storm) and malignant hyperthermia. 
Elevated metabolic rate may lead to acidosis. Without 
treatment, sweating and vasodilatation produce 
hypovolaemia and tissue hypoxia. Seizures and CNS 
damage may ensue. 


Management. General measures include exposure of 
the body surface, application of ice packs, use of fans 
and administration of cold intravenous fluids. Specific 
measures depend on the cause. Paracetamol and non- 
steroidal anti-inflammatory agents may reduce core 
temperature if the cause is sepsis-related. The occur- 
rence of any unexplained increase in temperature, espe- 
cially if temperature is increasing rapidly, must prompt 
the urgent exclusion of malignant hyperthermia. 


Malignant Hyperthermia 


Malignant hyperthermia (MH) is an inherited disorder 
of muscle. The incidence varies geographically from 
0.02% to 0.002% (1 in 5000 to 1 in 50 000). MH had 
a mortality rate of 75% at the time it was identified in 
1960. Treatment consisted of cooling the patient and 
treating complications as they arose. The cause was then 
unknown, and could not be treated. Currently, mortal- 
ity is approximately 5%. Increased awareness amongst 
anaesthetists has resulted in earlier diagnosis and treat- 
ment. Since 1979, dantrolene has been available for the 
treatment of MH and has resulted in the dramatic de- 
cline in death and disability from the condition. 

Malignant hyperthermia is an inherited disorder. 
Mutations in the human ryanodine receptor in skel- 
etal muscle (a calcium-release channel with a role in 
excitation-contraction coupling) are apparent in some 
families. Predisposition to MH has been identified in 
only three rare clinical myopathies. Abnormal calcium 
release and re-uptake by the sarcoplasmic reticulum 
lead to myofibrillar contraction, depletion of high- 
energy muscle phosphate stores, accelerated metabolic 
rate, increased carbon dioxide and heat production, 
increased oxygen consumption and metabolic acido- 
sis. The usual triggering agents are succinylcholine or 
any volatile anaesthetic agent. 

The MH syndrome may present at any time during 
the perioperative period. The clinical features and their 
severity vary considerably. The most consistent and early 
signs are unexplained tachycardia and an increase in the 
end-tidal PCO,. Spontaneously breathing patients may 
present with tachypnoea. MH should be considered in 
any anaesthetized patient if core temperature increases 
during anaesthesia. Core temperature increases typi- 
cally by 2°C h™ and may exceed 40°C. Muscle rigid- 
ity is common and usually involves the limbs and jaw. 
Without treatment, the full MH syndrome may develop, 
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with sweating, cyanosis, mottled skin, hypoxaemia, 
ventricular arrhythmias and severe metabolic and re- 
spiratory acidosis. Muscle injury causes significant 
potassium release, with ECG signs of hyperkalaemia. 
Coagulopathy hypocalcaemia, oliguria, myoglobinuria 
and acute renal failure are other sequelae. 

Masseter muscle rigidity (MMR) occasionally com- 
plicates anaesthesia, particularly following adminis- 
tration of succinylcholine. This progresses to MH in 
approximately 10% of cases. 


Management. Administration of a volatile anaesthetic 
agent should be discontinued immediately and the lungs 
hyperventilated with 100% oxygen. The anaesthetic 
breathing system should be replaced with an unused 
(and therefore uncontaminated) system. Anaesthesia 
should be maintained with an intravenous agent. The 
trachea should be intubated at the earliest opportunity 
if a tracheal tube is not already in place. Experienced 
help should be obtained in both the operating theatre 
and the laboratory, and the operation must be aban- 
doned as soon as possible. Specific tasks should be al- 
located (e.g. preparation of dantrolene, monitoring, 
managing communication with lab etc.). Intravenous 
dantrolene should be given as an immediate bolus (2.5 
mg/kg). Further boluses of 1mg/kg should be given as 
required to a maximum of 10 mg/kg until the increase in 
P; co, is controlled. Dantrolene is packaged as a powder 
which takes several minutes to reconstitute. For a 70 kg 
adult, the intial dose would be 9 vials of dantrolene (20 
mg each), mixed with 60 mL sterile water. It is a skel- 
etal muscle relaxant and causes muscle weakness in large 
doses. The massive increase in metabolic rate commonly 
produces severe acidosis, and large amounts of intrave- 
nous fluids and sodium bicarbonate may be required. 
Ice packs should be placed around the neck, axillae and 
groin, and chilled saline should be infused intravenously. 
If necessary, gastric, rectal and peritoneal lavage with 
iced saline may be life-saving if hyperthermia is severe. 
Cardiopulmonary bypass has been used in severe cases. 
Core temperature, CVP, direct arterial pressure and 
urine output should be monitored. Acid-base status, 
arterial gas tensions, coagulation status and serum elec- 
trolyte concentrations should be measured frequently. 
Hyperkalaemia is common, and should be treated with 
intravenous glucose and insulin. Arrhythmias usually 
resolve after treatment of hyperkalaemia and acidosis, 
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but specific antiarrhythmic drugs may be required. 
Calcium channel blockers should be avoided due to 
their interaction with dantrolene. Renal hypoperfusion 
and medullary hypoxia may result rapidly in acute tu- 
bular necrosis. Urine output should be maintained by 
ensuring an adequate circulating blood volume and 
using intravenous mannitol. Haemofiltration may be 
required to correct severe biochemical abnormalities 
or renal dysfunction. The syndrome often persists be- 
yond the initial acute episode, and hyperthermia may 
return up to 48h later. The patient should be managed 
in a high-dependency area and oral dantrolene should 
be continued during this time. 

Following an episode of MH, the patient should be 
referred to a specialist centre for further assessment. The 
tests used to identify individuals with MH susceptibility 
vary among centres. The most common test is halothane- 
and caffeine-induced contracture of a muscle specimen. 
Less invasive genetic tests are being developed. First- 
degree family members should also be screened for MH. 


Anaesthesia for the MH-Susceptible Patient 


A ‘clear’ anaesthetic machine is used, and this may be 
prepared by flushing the machine for 12h with 100% 
oxygen and by using a new breathing system. Contact 
with volatile agents and succinylcholine is absolutely 
contraindicated. Regional anaesthesia should be used 
if possible. If general anaesthesia is unavoidable, then 
total intravenous anaesthesia with propofol is recom- 
mended. Dantrolene is not usually used as a premedi- 
cant, but should be immediately available throughout 
the perioperative period. Monitoring of end-tidal 
carbon dioxide concentration, ECG, arterial pressure, 
oxygen saturation and core temperature is mandatory. 


Equipment Malfunction 


About a third of all critical incidents are related to 
equipment failure and most are preventable. Most 
equipment problems have implications for the patient 
and some have been described above (e.g. leaks and 
disconnections involving the anaesthetic machine and 
gas delivery system). Meticulous preparation of equip- 
ment prevents most malfunctions, while a systematic 
approach to identifying problems as they arise should 
prevent most potentially serious complications. 
Monitoring equipment may provide inaccurate and 
misleading data. Non-invasive arterial pressure devices 


and pulse oximeters often produce inaccurate read- 
ings. Movement, diathermy and poor contact with the 
patient may contribute to artefact in monitored val- 
ues. Incorrect data may lead to incorrect treatment of 
the patient, and artefact must always be borne in mind 
as a cause for a sudden change to a value outside the 
acceptable range. Data supplied by monitors must al- 
ways be used in conjunction with clinical examination 
of the patient and should be considered in context (e.g. 
type of surgery, patient’s pre-existing illnesses). 


Drug Reactions 
Hypersensitivity 


Susceptible patients may display an enhanced immu- 
nological reaction to a trigger, which may be a drug 
or an environmental agent. These hypersensitivity re- 
actions may be anaphylactic or anaphylactoid. Some 
drugs produce histamine release directly, without an 
immunological basis. 

The incidence of anaphylaxis varies according to the 
antigen involved. Of the intravenous drugs, reactions 
are most commonly to muscle relaxants (1 in 5000 to 1 
in 10000). Succinylcholine is the most immunogenic, 
although reactions to all non-depolarizing relaxants 
have also been reported. The majority of reactions 
are IgE-mediated. There is significant cross-reactivity 
between muscle relaxants and other drugs which con- 
tain a quaternary ammonium group. Pancuronium 
appears to be the least likely muscle relaxant to cause 
anaphylaxis. 

Reactions to intravenous induction agents are far less 
common (1 in 15000 to 1 in 50000). Hypersensitivity 
to benzodiazepines and etomidate is rare and these 
drugs do not cause direct histamine release. 

Hypersensitivity to local anaesthetics is very rare. 
Reactions are more likely to be the result of dose- 
related toxicity, sensitivity to the effects of added va- 
soconstrictor or a reaction to preservatives such as 
paraben, sulphites and benzoates. Amide local anaes- 
thetic agents are less allergenic than esters. 

Antibiotics are frequently implicated in allergic re- 
actions. Penicillins are most often to blame, and there 
is cross-reactivity with cephalosporin antibiotics in 
10% of penicillin-allergic patients. 

Latex is emerging as one of the more important 
causes of anaphylaxis during anaesthesia and surgery. 
Reactions usually begin 30-60 min following exposure, 


and may be very severe. Previous frequent exposure to 
latex (e.g. spina bifida) is a strong risk factor for latex 
allergy. There is often a history of intolerance to some 
foods, including banana and avocado. Many medical 
devices contain latex (e.g. arterial pressure cuffs, sur- 
gical gloves), and it is important that all such prod- 
ucts are eliminated from the care of latex-susceptible 
patients. 

Anaphylaxis also occurs in response to radiocon- 
trast media, blood products, colloid solutions, prot- 
amine, streptokinase, aprotinin, atropine, bone cement 
and opioids. Allergic reactions to volatile agents are ex- 
ceptionally uncommon. 

Anaphylaxis (type 1 hypersensitivity) is an IgE- 
mediated reaction to an antigen. Antibodies bind to 
mast cells, which degranulate, releasing the chemical 
mediators of anaphylaxis. These include histamine, 
prostaglandins, platelet-activating factor (PAF) and 
leukotrienes. The signs produced by the actions of these 
mediators of anaphylaxis include urticaria, cutaneous 
flushing, bronchospasm, hypotension, arrhythmia and 
cardiac arrest. Only one of these signs may be present, 
and it is important to have a high index of suspicion. 
Anaphylaxis has been reported in patients without ap- 
parent previous exposure to the specific antigen, prob- 
ably because of immunological cross-reactivity. This 
is true particularly of reactions to muscle relaxants; 
cosmetics and some foods contain structurally similar 
compounds. 

Anaphylactoid reactions are not IgE-mediated, al- 
though the clinical presentation is identical to anaphy- 
laxis. The precise immunological mechanism is not 
always evident, although many reactions involve com- 
plement, kinin and coagulation pathway activation. 

Non-immunological histamine release is caused by 
the direct action of a drug on mast cells. The clini- 
cal response depends on both the drug dose and the 
rate of delivery but is usually benign and confined to 
the skin. Anaesthetic drugs which release histamine 
directly include d-tubocurarine, atracurium, doxa- 
curium, mivacurium (all of similar chemical deri- 
vation), morphine and pethidine. Clinical evidence 
of histamine release, usually cutaneous, occurs in 
up to 30% of patients during anaesthesia. However, 
some very serious reactions have been reported in 
association with administration of atracurium and 
mivacurium. 
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Hypersensitivity reaction should be considered in 
the differential diagnosis of any major cardiorespira- 
tory problem during anaesthesia. Reactions are more 
common in women, and in patients with a history 
of allergy, atopy or previous exposure to anaesthetic 
agents. Over 90% of reactions occur immediately 
after induction of anaesthesia. There is a clinical 
spectrum of severity from the mildest urticaria to 
immediate cardiac arrest. Coughing, skin erythema, 
difficulty with ventilation and loss of a palpable pulse 
are common early signs. Reactions often involve a 
single, major physiological system (e.g. bradycardia 
and profound hypotension without bronchospasm). 
This may make diagnosis confusing, but every in- 
stance of bronchospasm, unexpected hypotension, 
arrhythmia or urticaria should be considered to be 
due to anaphylaxis until proved otherwise. Erythema 
of the skin may be short-lived or absent because cya- 
nosis from poor tissue perfusion and hypoxaemia 
may occur rapidly and be profound. The conscious 
patient may experience a sense of impending doom, 
dyspnoea, dizziness, palpitations and nausea. The 
differential diagnosis includes anaesthetic drug over- 
dose and other causes of bronchospasm, hypotension 
or hypoxaemia. 


Management. Death may result from tissue hypoxia 
secondary to inadequate perfusion and/or hypoxaemia. 
Early recognition and treatment are essential. The aims 
of management are to obtund the effect of the anaphy- 
laxis mediators and to prevent their further release. 
A management ‘drill’ should be used (Table 43.11). 
The early use of adrenaline is life-saving during se- 
vere anaphylactic reactions because it treats the symp- 
toms (through peripheral vasoconstriction, increased 
cardiac output and bronchodilation) and the cause 
(through mast cell restabilization). Corticosteroids and 
histamine H,-receptor antagonists have a delayed onset 
of action, but have a role in later management. 
Anaphylaxis may persist, despite a promising ini- 
tial response to management. Therefore, subsequent 
management should be in a critical care area (e.g. an 
intensive care unit). An infusion of adrenaline may be 
required to treat persistent hypotension or broncho- 
spasm, and in the interests of preventing further mast 
cell degranulation. Progressive oedema involving the 
airway may develop rapidly and tracheal intubation 
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TABLE 43.11 


Drill for the Management of Major Anaphylaxis 
Initial Therapy 


Stop administration of drug(s) likely to have caused the 
anaphylaxis 

Call for help and note the time 

Maintain airway. Give 100% oxygen 

Lay patient supine with feet elevated 

Give adrenaline. This may be given intramuscularly in a dose of 
0.5 (0.5 of 1:1000) and may be repeated after 5 min according 
to the arterial pressure and pulse until improvement occurs. 
Alternatively, adrenaline may be administered intravenously. 
The dose given depends upon the severity of the reaction. 
Minor symptoms may be treated with 50 ug boluses, while 
cardiovascular collapse requires a bolus dose of 1000 ug. 
Further doses are likely to be required 

Start intravascular volume expansion with crystalloid or colloid 


Secondary Therapy 


Antihistamines (chlorpheniramine 10 mg i.v.) 
Corticosteroids (hydrocortisone 200 mg i.v.) 


Catecholamine infusions (starting doses: 
‘| 


adrenaline 0.05-0.1 pgkg™! min- 
noradrenaline 0.05-0.1 pgkg™' min~') 


Consider bicarbonate (0.5 mmol kg i.v.) for acidosis, repeated 


as necessary 
Airway evaluation (before extubation) 

Bronchodilators (salbutamol 2.5 mgkg~') may be required for 
persistent bronchospasm 


and mechanical ventilation of the lungs are recom- 
mended until the patient is clinically stable and air- 
way patency guaranteed after a period of observation. 
Blood coagulation status, serum electrolyte concentra- 
tions and arterial gas tensions should also be measured 
regularly. 

Venous blood samples (5-10mL clotted blood) 
should be obtained as early in the reaction as pos- 
sible, but resuscitation should not be delayed to take 
this sample. The most important sample is 1h after the 
beginning of the reaction. A third sample at 24 hours or 
at the allergy clinic should be taken for ‘baseline’ trypt- 
ase levels. The samples should be separated and stored at 
—20°C for subsequent measurement of serum tryptase 
concentration. Serum tryptase is a specific marker of 
mast cell degranulation, and has replaced the measure- 
ment of serum IgE as the test of choice for confirming 
a diagnosis of anaphylaxis. If death occurs, the serum 
tryptase concentration can be measured in blood taken 
at post mortem examination. This can be very helpful 


in identifying the cause of death. However, a negative 
test does not exclude a hypersensitivity reaction. 

The patient should be reviewed at a later date by an 
appropriate clinician (e.g. a clinical immunologist) and 
further investigations performed. Skin prick tests are rec- 
ommended to identify the culpable agent and any associ- 
ated cross-reactivity. Such cross-reactivity is commonly 
found when the reaction has been to muscle relaxants, 
and the patient is frequently allergic to several related 
compounds. If allergy is confirmed, then a MedicAlert® 
bracelet should be worn by the patient. The details of the 
reaction must be recorded in the medical records and 
reported to the patient’s general practitioner and the ap- 
propriate adverse drug reactions body (AAGBI National 
Anaesthetic Anaphylaxis Database in the UK). 


Anaesthesia in the Susceptible Patient 


Unless the patient is allergic to local anaesthetics, re- 
gional anaesthesia should be used if possible. If the pa- 
tient requires general anaesthesia, the preoperative use 
of corticosteroids and histamine H,- and H,-receptor 
antagonists should be considered as prophylaxis. The 
anaesthetic technique chosen should avoid re-exposure 
to implicated agents. Drugs should be chosen that have 
a low potential for hypersensitivity and direct hista- 
mine release. Typically safe drugs include volatile agents, 
etomidate, fentanyl, pancuronium and benzodiazepines. 
All drugs should be given slowly in diluted form, and re- 
suscitation facilities must be immediately available. 


Other Drug Reactions 


An idiosyncratic drug reaction is a qualitatively abnor- 
mal and harmful drug effect which occurs in a small 
number of individuals and is precipitated usually by 
small drug doses. There is often an associated genetic 
defect and the reaction may be severe or even fatal. 

Succinylcholine sensitivity, malignant hyperther- 
mia (see above) and acute intermittent porphyria are 
important examples of drug idiosyncrasy in anaes- 
thetic practice. 


Acute Intermittent Porphyria. Acute intermittent por- 
phyria (AIP) is a rare but serious metabolic disorder 
caused by an inherited deficiency of an enzyme required 
for haem synthesis. Porphyrin precursors accumulate and 
cause acute neuropathy, abdominal pain (mimicking an 
acute abdomen), delirium and death. These precursors 


are produced in the liver by 5-amino laevulinic acid syn- 
thetase, and this enzyme may be induced by barbiturates, 
amongst other drugs. If an at-risk patient is identified, 
porphyrinogenic drugs (including barbiturates) must 
be avoided. Drugs considered safe include propofol, 
midazolam, succinylcholine, vecuronium, nitrous oxide, 
morphine, fentanyl, neostigmine and atropine. 


Regional Anaesthesia 
Central Techniques 


Epidural and subarachnoid anaesthesia are often cho- 
sen to reduce the patient’s perioperative risk. However, 
these techniques may pose independent risks. 


Hypotension. Arterial and venous dilatation caused 
by sympathetic pharmacological denervation reduce 
cardiac afterload and preload. Systemic hypotension 
results, and may be severe enough to compromise or- 
gan perfusion. Signs include tachycardia, low arterial 
pressure, confusion, nausea and dizziness. Fluid pre- 
loading may reduce the incidence of hypotension, and 
the left lateral position is helpful in pregnant patients. 
Intravenous titration of a vasopressor agent (e.g. bolus 
doses of ephedrine 5 mg or metaraminol 1 mg) usually 
restores arterial pressure rapidly. Directly acting arte- 
rial constrictors are more appropriate than indirectly 
acting sympathomimetics if tachycardia is present and 
in patients with severe ischaemic heart disease. 


Nerve Injury. Nerve injury may result from direct 
trauma caused by the needle, or through chemical tox- 
icity. It is widely held that epidural and subarachnoid 
block should be undertaken in the conscious patient 
to allow early identification of impingement upon a 
nerve or the spinal cord. 


Infection and Haematoma. Spinal abscess presents 
as sudden, painless loss of motor function, usually 
several days after performance of the block, and is a 
devastating complication of central nervous blockade. 
Meticulous aseptic technique helps to reduce the inci- 
dence of this complication but some cases arise spon- 
taneously, probably as a result of bacteraemia caused 
by surgery and inoculation of a small and otherwise 
asymptomatic epidural haematoma. Urgent magnetic 
resonance imaging and referral to a neurosurgeon are 
indicated if spinal abscess is suspected. 
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Epidural haematoma is a common complication 
of epidural catheter placement. The large majority of 
haematomata are asymptomatic and resolve spontane- 
ously. They may be apparent only upon spinal imag- 
ing. Large haematomata may cause permanent nerve 
injury. Epidural catheters should not be inserted in pa- 
tients who are receiving warfarin or intravenous hepa- 
rin, or who have abnormal coagulation for some other 
reason. Caution should be exercised if a patient is re- 
ceiving low-dose heparin for thromboprophylaxis. At 
least 12h should be allowed to elapse between admin- 
istration of low-molecular-weight heparin prophylaxis 
and epidural block. If blood is obtained via the needle 
or catheter during insertion and the patient is expected 
to be fully heparinized (e.g. during cardiac or major 
vascular surgery), the procedure should be postponed 
for 24h. As with spinal abscesses, urgent imaging and 
referral to a neurosurgeon are indicated. Often, im- 
aging is delayed because numbness and weakness are 
attributed to the effects of the epidural block; low con- 
centrations of local anaesthetic (e.g. 0.1% or 0.125% 
bupivacaine) do not cause weakness and cause mini- 
mal numbness, and there should be a high level of sus- 
picion about the possibility of epidural haematoma if 
these signs arise in the postoperative period. 


Peripheral Nerve Blocks. There is a risk of direct 
damage to nerves in association with any peripheral 
nerve block. Paraesthesia or pain in the distribution 
of a nerve are signs of the proximity of a nerve and 
should prompt needle withdrawal. Pain during injec- 
tion of local anaesthetic, failure to abolish the muscu- 
lar twitch from a nerve stimulator or the requirement 
for increased injection force may indicate intraneural 
positioning of the needle and should prompt immedi- 
ate cessation of injection and withdrawal of the needle. 


Local Anaesthetic Toxicity 


Local anaesthetic drugs may cause toxic side-effects when 
excessive serum concentrations are achieved. This is most 
commonly caused by accidental intravenous injection, 
excessively rapid absorption or absolute overdosage. 
Some sites of injection display a much more rapid up- 
take into the systemic circulation, usually because of local 
vascularity. Intercostal nerve blocks result in higher serum 
concentrations than subcutaneous infiltration, which pro- 
duces higher serum concentrations than plexus blocks. 
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Cerebral symptoms occur first. Dizziness, drowsi- 
ness, confusion, tinnitus, circumoral tingling, anxi- 
ety and a metallic taste are common signs of toxicity. 
Patients should be asked about the presence of these 
symptoms. In severe toxicity, tonic-clonic convul- 
sions occur. Cardiovascular symptoms include brady- 
cardia with hypotension, although solutions which 
contain adrenaline may produce tachycardia and 
hypertension. Cardiovascular collapse occurs usually 
at 4-6 times the serum concentration at which con- 
vulsions occur. Local anaesthetics directly depress 
the myocardium and cause systemic vasodilatation. 
Cardiovascular collapse occurs earlier with bupiva- 
caine than with lidocaine because of myocardial bind- 
ing. Severe and intractable arrhythmias may occur with 
accidental intravenous injection. The toxicity of local 
anaesthetics is increased by a rapid rate of increase of 
serum concentration. Thus, a rapid intravenous injec- 
tion of a small dose has the potential to cause toxicity. 


Management. Intravenous access should be secured 
and adequate resuscitation equipment and drugs 
should be immediately available before a local anaes- 
thetic block is undertaken. The patient should be ad- 
equately monitored. The lowest dose of the least toxic 
drug available should be used to achieve the effect re- 
quired (‘Table 43.12). The total dose should be reduced 
in frail patients and in patients otherwise at risk of tox- 
icity (e.g. patients with epilepsy or heart block). Local 
anaesthetics should always be injected slowly with 
repeated aspiration for blood, and with constant ver- 
bal contact with, and observation of, the patient. Any 
change in the patient’s apparent mental state should 
prompt immediate cessation of injection. Injection of 
a test dose of a local anaesthetic which contains 


TABLE 43.12 


Maximum Safe Doses of Local 
Anaesthetics in Common Use 


Drug Maximum Dose 


Lidocaine 


4 (7) mgkg" 


Bupivacaine 


2 (2) mgkg" 


Levobupivacaine 


2.5 (2.5) mgkg"' 


Prilocaine 


6 (8) mgkg"! 


Maximum doses in the presence of 1:200 000 adrenaline are 
given in parentheses. 


adrenaline usually results in sudden tachycardia if in- 
travascular injection has occurred. 

The addition of adrenaline reduces the speed of 
absorption from tissues, allowing larger maximum 
doses, reducing the potential for toxicity and pro- 
longing the action of the local anaesthetic. Adrenaline 
(1:200000) typically reduces the maximum serum 
concentration by approximately 50%. However, the 
addition of Adrenaline does not reduce local anaes- 
thetic toxicity following intravenous injection. 

If toxicity occurs, the injection must be stopped, as- 
sistance summoned and the patient assessed. The airway 
should be checked and oxygen should be administered; 
this prevents hypoxaemia, which makes fitting more 
likely and makes arrhythmias more difficult to control. 
If hypoventilation or apnoea ensue, the lungs should be 
ventilated using a self-inflating bag or anaesthetic breath- 
ing system. Tracheal intubation is required if the patient is 
unconscious or unable to maintain an airway. Intravenous 
fluids and vasopressors (e.g. ephedrine 10 mg) may be re- 
quired to treat hypotension. Arrhythmias may occur and 
should be treated appropriately (see above). Severe heart 
block may require an infusion of isoprenaline or pacing. 
Chest compressions are required if there is no palpable 
pulse. Convulsions are very common in significant tox- 
icity and administration of an anticonvulsant (e.g. diaz- 
epam 10mg, thiopental 50mg) is often necessary. The 
intravenous administration of lipid emulsion has been 
shown to reduce the effects of systemic toxicity from lo- 
cal anaesthetics, in the presence of cardiovascular collapse 
and convulsions (note: propofol is not a suitable substi- 
tute for lipid emulsion in this scenario). 

An initial of bolus of 1.5 mLkg™ 20% lipid emulsion 
over 1 min is recommended, followed by an infusion at 
15mLkgthr'. 

A maximum of two repeat bolus doses can be 
given if cardiovascular stability is not restored or de- 
teriorates; 5 min should be left between boluses. The 
infusion rate can also be doubled to 20 mLkg" hr” if 
necessary. The maximum cumulative dose should be 
limited to 12 mL kg“ (840 mL for a 70 kg adult). 

If lipid has been given, its use should be reported 
to the international registry at www.lipidregistry.org. 

Survival from local anaesthetic toxicity should ap- 
proach 100%. Good preparation, early recognition 
and prompt treatment are vital in preventing pro- 
gression to a situation of poor tissue oxygenation and 
organ damage. 


Injury 

Direct physical injury of the patient is a fairly common 
event in the perioperative period. Most of these injuries 
are preventable. Tracheal intubation and poor patient 
positioning are commonly to blame. Nerve, dental and 
ophthalmic injuries are common causes of litigation 
against anaesthetists. Thermal and electrical injuries are 
less common but potentially disastrous. Neurological 
deficits presenting during the postoperative period 
have usually been sustained intraoperatively. 


Cutaneous and Muscular Injury 


Skin is damaged easily by poor or prolonged position- 
ing, the use of highly adhesive tape and incautious 
movement of the patient. In particular, elderly patients 
and patients who have been treated with steroids for a 
prolonged period may have very fragile skin, and this 
must be protected. These patients also tend to heal very 
slowly, and an apparently minor skin injury may pro- 
duce many months of suffering postoperatively. Pressure 
sores which originate during the intra-operative period 
are increasingly recognised. Muscle injury is produced 
most commonly by poor positioning, but tourniquets 
may also cause direct muscle damage. 


Peripheral Nerve Injury 


Peripheral nerves may be injured directly, through 
peripheral nerve blockade or vascular catheter inser- 
tion or surgery, indirectly, by poor positioning during 
anaesthesia, or through ischaemia during severe hy- 
poxaemia or hypotension. Peripheral nerve injury oc- 
curs during 0.1% of anaesthetics. The position of the 
patient during general anaesthesia is the common- 
est cause of injury. The brachial plexus and superfi- 
cial nerves of the limbs (ulnar, radial and common 
peroneal) are the most frequently affected nerves. 
The usual mechanism of injury to superficial nerves 
is ischaemia from compression of the vasa vasorum 
by surgical retractors, leg stirrups or contact with 
other equipment. Nerve injury may occur as part of 
a compartment syndrome after ischaemia from poor 
positioning, particularly when the legs are placed in 
Lloyd-Davies supports and the patient is positioned 
head-down. Ischaemic injury is more likely to occur 
during periods of poor peripheral perfusion associ- 
ated with hypotension or hypothermia. Nerves may 
also be injured by traction (e.g. the brachial plexus 
during excessive shoulder abduction). 
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Meticulous care is necessary when positioning the 
patient. Padding should be used beneath tourniquets and 
to protect pressure points. Extreme joint positions should 
be avoided. Close surveillance of tourniquet ischaemia 
times is essential. Although many injuries recover within 
several months, all patients with a peripheral nerve in- 
jury must be referred to a neurologist for assessment and 
continuing care. Many ulnar nerve palsies occur in pa- 
tients with an anatomical predisposition, and this may 
be deduced from a history of numbness after sleep or as 
a result of posture at work. In these patients, the elbows 
should not be placed in flexion during surgery. 


Injury During Airway Management 
Dental damage is the most frequently reported an- 
aesthetic injury and is usually sustained during la- 
ryngoscopy. Damage to teeth is much more likely if 
laryngoscopy is difficult. Most dental injuries result 
from a rotational force applied to the laryngoscope 
during attempts to lever the tip of the laryngoscope 
blade upwards using the upper incisors as a fulcrum. 
The correct, and much safer, practice is to apply a force 
upwards and away from the anaesthetist without any 
leverage on the incisors. Injuries vary from chipped 
teeth to complete avulsion. The upper incisors are 
most commonly involved. Preoperative assessment and 
documentation of dentition are essential. Patients with 
poor dentition, or in whom a difficult laryngoscopy is 
anticipated, should be warned of the possibility of den- 
tal injury. If a tooth is accidentally avulsed, it should be 
reimplanted in its socket with minimal interference and 
a dental surgeon consulted at the earliest opportunity. 
Mucosal damage is common during airway man- 
agement, and mucosal abrasion may be very painful 
postoperatively. Overinflation of the cuff of a tube in 
the larynx or trachea may produce local ischaemia, 
with consequent scarring and stenosis; cuff pressure 
should be checked regularly, particularly during pro- 
longed surgery and when nitrous oxide is used. Other 
reported injuries include dislocated arytenoid carti- 
lages (intubation), recurrent laryngeal nerve damage 
(laryngoscopy), uvular ischaemia (Guedel airway), ep- 
istaxis and nasal turbinate fracture (nasal intubation). 


Ophthalmic Injury 


Retinal ischaemic injury may follow prolonged pres- 
sure on the orbit from equipment or the use of the 
prone position. Permanent blindness may result. 
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Corneal abrasions are associated with inadequate eye 
protection, especially during transfer or use of the 
prone position. The use of adhesive tape to close the 
eyelids is also a risk factor. Lubricated dressings such 
as sterile paraffin gauze may be a preferable method of 
securing the eyelids. 


Thermal and Electrical Injury 


The high-density electrical current of surgical dia- 
thermy is a potential source of injury. If the return cur- 
rent path is interrupted by incorrect application of the 
diathermy pad, then the ECG electrodes or other points 
of contact between skin and metal may provide an alter- 
native electrical path, producing serious burns. Failure 
of thermostatic control on warming devices is a poten- 
tial source of thermal injury. Warming devices should 
always be used in accordance with the manufacturer’s 
guidelines. In particular, hot air hoses used to inflate 
convective warming blankets must never be used alone 
to blow hot air under the patient’s blankets, as serious 
thermal injury may result. Ignition of alcohol-based 
surgical preparation solutions is possible, especially if 
they are not allowed to evaporate fully and if diathermy 
is used. Airway fires have occurred during laser surgery 
to the larynx; it is advisable to use a low inspired oxygen 
fraction and omit nitrous oxide in this situation. 

Fires should be extinguished immediately and the 
area should be soaked in cool saline or covered with 
saline-soaked swabs. If the burned area is significant, 
the opinion of a burns surgeon should be sought. 


Vascular Injury and Tourniquets 


Arterial catheters may produce significant arterial 
injury, resulting in ischaemia and, potentially, loss 
of the distal limb. Arterial tourniquets reduce surgi- 
cal bleeding but also rob the distal tissue of its perfu- 
sion. An absolute maximum duration of 2h should be 
observed, and inflation pressures should be just high 
enough to occlude arterial flow. Typically, a pressure 
of 200-250 mmHg is adequate for the upper limb, and 
250-300 mmHg for the lower limb. Vascular occlusion 
(e.g. during tourniquet use, aortic cross-clamping) 
risks distal ischaemia and infarction. Assurance of an 
adequate arterial pressure and oxygen saturation is im- 
portant in facilitating distal oxygenation via collateral 
flow. Parts distal to an arterial occlusion should never 
be warmed, because this raises local metabolic rate and 
causes the onset of ischaemia to be more rapid. 
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he agenda of quality improvement and patient 
safety is among the top priorities for individual anaes- 
thetists, departments of anaesthesia and health care 
organizations. In recent years, since publication of the 
Institute of Medicine (IOM) report To Err is Human, 
there has been growing realization that a co-ordinated 
approach involving all layers of organizational man- 
agement and clinical services is required to improve 
quality and patient safety. 

Patient safety incidents remain a cause for concern 
in healthcare systems all over the world. According to 
IOM, as many as 98000 deaths in the USA can be at- 
tributed to medical errors. In the UK, approximately 
900000 incidents and near misses are reported every 
year, of which around 2000 result in death. It has been 
estimated that additional hospital stay costs approxi- 
mately £2 billion a year, and negligence claims amount 
to an extra £400 million a year. 

This chapter addresses current concepts of quality 
and patient safety. In particular, the following topics 
will be covered. 


The definition of quality 

The culture of quality and safety 

Can quality and safety be measured? 

Tools for improving quality and patient safety. 


QUALITY 


Various attempts have been made to define quality in 
health care systems precisely. In the IOM’s 2001 re- 
port Crossing the Quality Chasm, six aims were pro- 
posed to define ‘what healthcare should be’. The six 
aims, i.e. safety, effectiveness, patient-centredness, 
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timeliness, efficiency and equity, provide components 
of a working definition of quality in healthcare systems 
(Table 44.1). The six aims can be used as the attributes 
of a comprehensive quality care system, which can be 
continuously monitored and improved. These six aims 
are the cornerstones for designing and delivering a 
quality service from which both patients and clinicians 
are likely to benefit in terms of better patient care, less 
suffering and increased productivity and satisfaction. 

Any attempts to improve quality within an organi- 
zation and a department, focussing on these attributes 
of high quality care, should consider whether there is 
organizational readiness to embrace the quality im- 
provement programme. This will be determined by 
the existing culture within the organization and/or 
department. Establishing a quality culture within a de- 
partment and making it more positive is the key to the 
success of any quality improvement interventions with 
regard to their implementation, staff compliance and 
sustainability. 


CULTURE OF QUALITY AND SAFETY 


Understanding Generation of Errors: Systems 
Approach 


In health care systems, there is still a prevalence of a 
‘judicial’ approach to errors. After an incident, people 
are generally quick to make judgements which often 
result in blaming the individual most obviously asso- 
ciated with the incident. This approach is a big barrier 
to understanding the nature of adverse events and how 
they can be prevented. In this regard, the healthcare 
industry has much to learn from other industries, such 
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TABLE 44.1 


Aims of a High Quality Healthcare System 


1. Safe 


Prevention of injuries to patients from the care that is intended to help them 


2. Effective 


Provision of services based on scientific knowledge to all who could benefit, and refraining from 
providing services to those not likely to benefit 


3. Patient-centred 


Providing care that is respectful of and responsive to individual patient preferences, needs and values, 
and ensuring that patient values guide all clinical decisions 


4. Timely Reducing waits and sometimes harmful delays for both who receive care and those who give it 
5. Efficient Avoiding waste, including waste of equipment, supplies, ideas and energy 
6. Equitable Providing care that does not vary in quality because of personal characteristics such as gender, 


ethnicity, geographic location, and socio-economic status. 


as aviation and nuclear power, which now have signifi- 
cant track records of a robust safety culture. 

One central message from the IOM report has been 
that, in general, the cause of preventable deaths in health- 
care systems is not incompetent or careless people, but 


bad systems. In order to reach this level of understanding, 
it is important to understand the aetiology of an error in 
complex organizations such as hospitals (Box 44.1). A 
safety incident should be seen in an organizational frame- 
work of latent failures — the conditions which produce 


BOX 44.1 
TAXONOMY OF ERROR 


LATENT FAILURES are factors which exist within an organiza- 
tion or process and which increase the risk of another error 
causing an incident. They are separated in time and often 
in place from the occurrence of the incident. Reason de- 
scribed these as organizational influences, unsafe supervi- 
sion and preconditions for unsafe acts. 

Organizational influences may include aspects such as 
training budgets and curricula, and organizational safety 
culture. 

Unsafe supervision might be reflected by a trainee an- 
aesthetizing a complex case near the limits of their compe- 
tence without adequate consultant supervision. 

Preconditions for unsafe acts include lack of robust 
checking procedures, near-identical drug ampoules and in- 
adequate rest breaks for staff. 

Active errors are unsafe acts which cause (or could 
cause) an incident. They may be errors of commission (do- 
ing the wrong thing) or omission (not doing the right thing). 
Various categories of active error are often described. 

Execution failures: the knowledge and the intent are ap- 
propriate, but for a variety of reasons the correct actions 
do not ensue. These are often referred to as slips (observ- 
able actions, related to attention) and lapses (internal 


events, related to memory failures). They may be failures of 


Recognition, Attention, Memory and Selection. These are 
exemplified by drugs errors in anaesthesia: every anaesthe- 
tist will be able to recall events where each of these failures 
has happened in their own practice. 


Mistakes: the action proceeds as intended, but the 
wrong course has been chosen. These may be: 

Rule-based: prior knowledge, intuition or a protocol is 
available for this situation (e.g. failed intubation) but is 
wrongly applied. This may be by omission, too late, or by 
applying the wrong rule. 

Knowledge-based: an unfamiliar or novel situation re- 
quires the ‘calculation’ of a solution based on the (usu- 
ally incomplete) evidence. These require thought and are 
particularly prone to confirmation bias - evidence which 
supports the current model is sought, and contrary evi- 
dence is ignored. 

Violations: these are deliberate choices to deviate from 
agreed practice (formal standing operating procedures 
(SOPs), or informal custom and practice). Again, these can 
be subdivided: 

Routine violations: corners are routinely cut. This may 
be at an individual or departmental level. ‘Normalization of 
deviance’ may occur, where unacceptable practice becomes 
accepted practice over time. The risk is that practice be- 
comes further and further away from good practice gradu- 
ally, such that it is not noticed or dealt with until too late. 

Self-serving violations: breaking the rules for personal 
gratification. 

Situational violations: breaking the rules because (cor- 
rectly) the situation demands it. There will always be 
circumstances when rules and procedures do not fit. A safety- 
conscious organization seeks to learn from these incidents. 


error and violation — and active failures. This concept is 
captured in James Reason’s model of an organizational 
accident. It should be emphasized that some active fail- 
ures (such as simple mistakes, lapse, fall, slip) have only a 
local context and can be explained by factors related to in- 
dividual performance and/or the task at hand. However, 
it is now understood that major incidents evolve over 
time and involve many factors. 

In the generation of an incident, organizational fac- 
tors are the beginning of the sequence. These create 
latent failures which result from the negative conse- 
quences of management decisions, and organizational 
strategy and/or planning. The latent failures then per- 
meate through departmental pathways to the work- 
place (e.g. the operating theatre complex). Here, they 
create conditions which allow violations and commis- 
sion of errors. The errors generated in the workplace 
environment may be prevented by a front-end clini- 
cian (near-miss). However, a simple active failure on 
the part of the clinician at this stage allows the error 
to produce damaging outcomes. Figure 44.1 illustrates 
an example: how a medication error can result from a 
combination of latent failures, conditions contributing 
to error and violations, and active failure. 

In view of this knowledge, in order to facilitate 
quality and safety culture, it is important that, first, 
the healthcare organization must accept that in the 
vast majority of errors/accidents, ‘system failure has a 
major role to play. Second, the organization needs to 
be ‘oper’ about it, and this openness and transparency 
must reflect in all their policies and procedures. Third, 
the organization’s response to these accidents must be 
just, and non-punitive for the individual involved. 
Finally, there must be mechanisms and forums so that 
‘learning’ can occur at all levels within the organiza- 
tion, and so that systems are continuously improved. 


Focus on Safety Behaviour and Non-Technical Skills 


In clinical practice, some personal attributes of health 
care workers naturally render them more safe than 
others. These attributes are what one might see in a 
most highly respected member of a department. 


m Conscientiousness. Being sensible and meticu- 
lous, checking the information/drugs/equipment 
him/herself, ensuring that the job is done prop- 
erly, and being thorough. 
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= Honesty. Accepting limitations, giving correct 
and complete information, accepting own mis- 
takes, compliance with procedures and protocols. 

= Humility. Thanking colleagues, juniors and 
nurses for their help and contribution, taking 
and seeking advice from other members of the 
team. 

= Self-awareness. Knowing limitations, knowing 
when tired, sleepy or pre-occupied 

m Confidence. Knowing capabilities and being con- 
fident about them, able to speak up if necessary. 


There is now growing realization that these at- 
tributes along with non-technical skills are essential 
among staff to raise quality and safety in an organiza- 
tion. The General Medical Council in the UK makes it 
clear that doctors are expected to have these personal 
attributes. Detailed analyses of some of the high- 
profile incidents in anaesthesia have drawn attention 
towards non-technical skills. These non-technical 
skills (NTS) are defined as “The cognitive, social and 
personal resource skills that complement technical 
skills and contribute to safe and efficient task perfor- 
mance. They are not new or mysterious skills but are 
essentially what the best practitioners do in order to 
achieve consistently high performance and what the 
rest of us do on a good day. 

The underlying premise is that: 


m the operating theatre is a complex environment 
with complicated tasks 

m many people come together to work in this 
environment 

m there is heightened potential for accidents and 
disasters in operating theatres, and 

m every human has limitations. 


In view of these facts, and the recent knowledge 
about human behaviour under stressful conditions, it 
is important that health care organizations and workers 
have commitment to education and practice in non- 
technical skills. In particular, for the operating theatre 
environment, the following skills are important: 


communication, sharing of information 
team work 

situational awareness 

anticipation and preparedness 

decision making. 


890 44 


QUALITY AND SAFETY IN ANAESTHESIA 


LATENT FAILURES 


CONDITIONS 
CONTRIBUTING TO 
ERROR AND 
VIOLATION 


ACTIVE FAILURES 


e Management decisions 


Example 


e Environment factors 


e Team factors 
e Organizational processes 
e Task factors 


e Patient factors 


e Simple mistakes 
(slip, lapse) 


e Violation 


D 


INCIDENT 


e Organizational drive 
to save costs on 
anaesthetic drugs 


e Organizational drive to 
increase productivity 


e Lack of emphasis on 
drug checking during 
training. 


e Procurement of 
anaesthetic drugs from 
cheapest supplier 


e Ampoules of many 
drugs look alike 


e Due to staff shortage, 
anaesthetist, otherwise 
on study morning, 


asked to go to 
emergency theatre 
quickly to anaesthetize 
emergency laparotomy 


e Patient already in 
anaesthetic room, 
and surgeon waiting 


D 


e The anaesthetist 
draws drugs from the 
ampoules of fentanyl 
and suxamethonium 
into two 2 mL syringes 


e All preparations are 
done in haste, and 
under pressure 


e No one around to 
double-check the drugs 


e Anaesthetist fails to 
stop and check labels 
and ampoules 


e The two 2 mL syringes 
get cross-labelled 


e Patient receives 
suxamethonium 
(instead of fentanyl) 
while still awake 


» 


e Patient awake but 
paralysed before the 
error is recognized, and 
anaesthetic given. 


e Headlines in the 
newspaper 


FIGURE 44.1 


An example of the generation of a medication error. 
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TABLE 44.2 


Components of a Pre-List Briefing 


Components Details Rationale 
Timing Before the start of the list 
Who All key members of the team In a safe team, all members have a contribution. Involving 


all staff should increase the chance of at least one person 
speaking up if there is a potential problem 


Aspects Covered 


People Team introductions 
Who is doing what in the list? 
Are any other key individuals needed 
during the day? 

Patients Particular issues for each individual 
patient 

Equipment Is all necessary equipment available? 


Anaesthesia, surgery, positioning 


External issues Emergency work, staffing issues elsewhere 


Debriefing Issues from previous debriefings 


Communication and Teamwork 


Some of us are better communicators and better team 
workers than others. However, it is now well known 
that, if the skills are delineated, if awareness is raised 
about them and tools of learning are implemented by 
the organization, everyone can improve these skills be- 
yond their previous level. The best possible scenario 
would be when all members of the team know each 
other, have mutual trust, are able to discuss problems 
and issues openly, learn from each other and work to- 
gether for a common goal. Team leaders have special re- 
sponsibility for ensuring that they have complete trust 
in the other members of their team. Listening to each 
other is extremely important to gain trust. In an ideal 
world, team members would respect and trust each 
other, know each others’ strengths and weaknesses, have 
a low threshold for discussion and learning, and would 
be able to manage and allocate tasks such that the job 
at hand is accomplished in the most efficient and safe 
manner with all members of the team deriving great 
satisfaction from a job well done. In practice, it is dif- 
ficult to accomplish this ideal. Therefore, organizations 
must actively explore and implement tools and training 


Safe teams know who each other are, and what each other's 
roles and competencies are 


The whole team is aware of issues (or lack of them). 
Particular requirements are highlighted at a time when 
solutions can be found 


Equipment issues are common, frustrating for staff and 
potentially dangerous 


Most operating theatres do not work alone, and resilient 
departments will have an understanding of wider issues 


Truly novel problems are unusual. Learning from issues in 
previous lists is a key aspect of a positive safety culture 


programmes which allow employees to enhance their 
level of communication and team working. 

Pre-list briefings are an important component of 
this process for the whole operating team. They are 
tools to foster good communication, planning and 
learning for the whole team. 

Debriefings are a complement to the briefing pro- 
cess (Table 44.2). The concept is that the team reviews 
its performance each day — did it match the plans made 
at the start of the day? Good practice is reinforced and 
areas of improvement are discussed constructively. 
Information from debriefings should be shared with 
other team members and necessary actions should be 
completed and fed back to the team. 


Situational Awareness 


This term implies broader understanding of ‘what is 
going on, and how events may unfold. The term con- 
veys more than just paying attention to the task. For 
example, a junior trainee anaesthetist being supervised 
by a middle-grade anaesthetist on emergency duty 
might be about to anaesthetize a patient undergoing 
straightforward minor emergency surgery, but also 
formulating a plan in the event that he/she is called to 
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attend a cardiac arrest elsewhere in the hospital, bear- 
ing in mind that the consultant is dealing with a com- 
plicated case in another theatre and the middle-grade 
is very new to the environment of the hospital. The 
core elements of situational awareness include: 


m continuous information gathering 

m anticipation of events which may unfold 

m processing current information to interpret the 
situation in view of anticipated events. 


Analyses of major critical events, and experi- 
ments in simulated conditions, have shown that, 
under stress, individuals tend to develop ‘task fixa- 
tion’, and lose an overall perspective of the situation. 
A typical example of task fixation would be an an- 
aesthetist single-handedly making multiple attempts 
at intubating a patient’s trachea while overlooking 
the facts that the patient has been hypoxic for some 
time, that the assistant brought the difficult airway 
trolley into the anaesthetic room some time ago and 
that a very experienced airway expert and an ENT 
surgeon are working in close vicinity. Often in the 
aftermath of an adverse incident, one comes across 


statements such as ‘I had not realized that...., ‘we 
had not anticipated that...., “it just took us all by 
surprise...... 


Situational awareness refers to the ability to ap- 
praise the overall picture, to acquire relevant informa- 
tion quickly by scanning the whole environment and 
to monitor the environment continuously, in particu- 
lar for any change. For example, an anaesthetist who is 
about to anaesthetize a patient with anticipated airway 
difficulty realizes that the assistant is in conversation 
with a colleague regarding rota cover for the evening, 
and the nurse is on the telephone talking to someone 
about a malfunctioning piece of equipment. The the- 
atre environment, when put under stress, can expose 
latent conditions which produce errors. The anaes- 
thetist would be wise to wait for a few seconds until 
these matters are resolved or temporarily postponed, 
and ensure that all relevant members of staff are not 
distracted from the task at hand. 


Anticipation and Preparedness 


Anticipation is the key component of full situational 
awareness. It involves thinking ahead about all rea- 
sonably predictable hazards, e.g. ‘what if there is 


severe bleeding’, ‘what if I am unable to see larynx’, 
‘what if the blood pressure drops on tourniquet re- 
lease’, ‘what if there is power failure’? Having con- 
sidered what can go wrong, it is useful to mentally 
try responses, and then work out whether these re- 
sponses would address the problem. These mental 
exercises allow the clinician to adjust/prepare the 
environment to avoid these hazards, and prepare to 
deal with the hazards, if they were to arise, in a calm, 
systematic manner. 


Decision-Making 

This is a sensitive area, because individual decisions 
can be deeply entangled with the individual’s pro- 
fessional capability. To be potentially challenged on 
the decisions can be intimidating for an individual, 
and damaging to their self-esteem. In the area of 
patient safety, where evidence is still emerging, 
education not established and procedures and pro- 
tocols still not embedded, decision-making for an 
individual in a condition of uncertainty can be very 
challenging. 

Decisions may have to be taken based on previ- 
ous experience, knowledge, intuition and/or good 
prevailing sense at the time. However, the process of 
decision-making can be evolved and evaluated using 
crisis management scenarios in a simulated environ- 
ment. Here, the decisions do not have clinical conse- 
quences and the evaluation can be non-threatening. 
Examples of training in such scenarios include, among 
many others, rapid sequence induction, failed intuba- 
tion, unexpected severe hypotension, cardiac arrest, 
malignant hyperthermia and anaphylaxis. All anaes- 
thesia departments should have working protocols to 
deal with crisis situations in order to help clinicians 
to make logical, systematic decisions under stressful 
conditions. The scenarios should be practised regu- 
larly in teams, and the experience of training should be 
enhanced by debriefing on team work and individual 
decisions. It is unlikely that all existing protocols will 
cover all possible eventualities. Therefore, decisions 
will still need to be made on individual choices and 
judgements. A culture of openness within the depart- 
ment should allow healthy discussion on decisions 
if different options could be considered, and lessons 
should be learnt to reinforce decision-making skills in 
a collective manner. 


MEASURING SAFETY AND QUALITY 
Safety Culture 


So far, the measurement of the safety culture within 
an organization or a department has been mainly the 
subject of research projects. In the clinical arena, these 
concepts are now being considered essential for under- 
standing the prevailing conditions and also to monitor 
the progress and success of various safety and quality 
initiatives or interventions. 

The terms ‘safety culture’ and ‘safety climate’ have 
often been used interchangeably. However, there are 
differences which are important to understand. 

According to one of many definitions, safety cul- 
ture is ‘the product of individual and group values, 
attitudes, competencies and patterns of behaviour 
that determine the commitment to, and the style and 
proficiency of, an organization’s health and safety pro- 
grammes. In simple terms, safety culture refers to ‘the 
way we do things round here’; the ‘here’ in this context 
could be an individual, a group, a team, a department 
or an organization. One can also think in terms of cul- 
ture being ‘what happens when no-one is watching’ A 
positive safety culture in an organization is character- 
ized by its individual members respecting and trusting 
each other, perceiving safety to be important and hav- 
ing confidence that the safety interventions would be 
effective. 

Safety climate refers to ‘surface features of safety 
culture from attitudes and perceptions of individuals 
at a given point in time’, or ‘measurable components 
of safety culture’. 

The two terms, safety culture and safety climate, 
can be differentiated by comparing the ‘culture’ to an 
individual’s personality, and ‘climate’ to his/her mood. 

The commonest method of measuring safety cul- 
ture/climate in healthcare involves using quantitative 
questionnaires. These questionnaires have different 
dimensions, lengths and reliability on psychometric 
testing. The most commonly used tools are: 


m AHRQ’s (Agency for Healthcare Research and 
Quality) Hospital Survey on Patient Safety Culture 

= Safety attitudes questionnaire 

m Patient Safety Culture in Healthcare Organizations 
Survey 

m Modified Stanford Patient Safety Culture Survey 
Instrument 
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In addition to these quantitative questionnaires, 
many researchers use qualitative methodology includ- 
ing observations, semi-structured interviews and fo- 
cus groups to make in-depth assessments. According 
to the concept of varying models of cultural maturity 
in healthcare settings, safety culture can be described 
in terms of five different levels of maturity: 


m Pathological. “Who cares so long as we are not 
caught?’ 

m Reactive. ‘We do a lot of ‘safety whenever we have 
an accident’ 

m Calculative. “We have systems in place to manage 
all hazards’ 

m Proactive. We anticipate problems before they 
arise’ 

m Generative. ‘Safety is how we do business around 
here’. 


Some safety measurement tools such as the 
Manchester Patient Safety Framework and the Patient 
Safety Culture Improvement Tool incorporate the 
concept of culture maturity, and are therefore useful 
in assessing changes in culture and its maturity over a 
period of time. 


Measuring Quality 


Acomprehensive measurement of quality would assess, 
and somehow measure, all the individual components 
of the quality matrix, ie. safety, clinical effectiveness, 
patient experience, timeliness, efficiency and equity. 
In 1988, Avedis Donabedian introduced a framework 
for assessing quality in healthcare (Table 44.3). This 
framework is based on three core domains — structure, 
processes and outcomes. 

It is important to understand that the three domains 
of measuring quality are interdependent. Good pro- 
cesses depend upon good structures, and they often lead 
to good outcomes. Consequently, assessment of only 
one domain (e.g. outcome - mortality) cannot assess 
quality, or serve to improve it. It becomes useful only 
when this assessment is combined with finding the gaps 
in structure (e.g. staff shortage) and/or processes (e.g. 
non-adherence to guidelines). At present, much is being 
written and discussed about what should be measured 
to assess the existing quality of care, and any improve- 
ments. The Donabedian framework can be used to ad- 
dress each component of quality as shown in Table 44.4. 
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TABLE 44.3 


Donabedian’s Framework for Measuring Quality 


Domain Description 
Structure Set-up for providing care including: 
= Material resources 
= Facilities 
= Human resources 
= Technology infrastructure 
= Equipment 
m Guidelines and implementation 
programmes 
= Teaching programmes 
= Rotas 
Process What happens around delivery of care 
including: 
m Patient pathway from evaluation through 
diagnosis to treatment 
= Assessment before anaesthesia 
= Optimization of comorbidities 
m Adherence to guidelines and teaching 
programmes 
m Checklists 
= Monitoring 
= Incident reporting and actions 
m Ongoing audits of different aspects of 
care delivery 
= Quality improvement programmes 
Outcome The effects of care including: 
= Morbidity 
= Mortality 


= Patient satisfaction 


= Other clinical outcomes* as decided by 
the department 


*See text for details. 


Clinical Outcomes: Real or Surrogate 


In anaesthesia, a lot of reliance is put on real clinical out- 
comes to indicate quality of care, such as incidences of 
epidural haematoma, nerve damage, brain damage or 
death. Although this may sound straightforward, there 
are limitations associated with real outcomes. 


= The real outcomes may depend on many factors 
including the patient’s pre-existing condition, pop- 
ulation dynamics, surgical factors and individual 
reactions (e.g. unknown allergies), which may not 
necessarily indicate quality of care per se. 


TABLE 44.4 


Measurement of Each Attribute of Quality Care 


Attribute Measurement (Examples) 


Safety m Incident reporting 
m Clustering of incidents 
m Safety programmes 
= Safety interventions 


m Success of implementing safety 
interventions 


m Safety culture surveys 


m Safety climate surveys 


Effectiveness m Guidelines, protocols, checklists and 
adherence to these 


m Evidence-based treatment 
m Morbidity and mortality 
m Complications 
m Other clinical outcomes as determined 
by the department/speciality 
Patient- m Surveys of patient satisfaction 
centredness m Complaints and their resolution 


= Involvement of patients in governance 


of the hospital 


= Consent procedures 


Timeliness, m Hospital-wide audits 

efficiency, equity = Data captured by hospital informatics 
m Annual reports 
= Business case 


Ls Departmental cost savings 


= Direct anaesthesia-related mortality is rare, and 
serious morbidity infrequent. Consequently, 
measuring anaesthesia-related mortality and 
morbidity can only be very crude measures and 
may not provide enough data to monitor quality 
on a regular basis (monthly or quarterly). 


For these reasons, adverse events and near misses are 
usually taken as surrogate clinical outcomes. By moni- 
toring the surrogates, a comprehensive picture can be 
obtained of the work flow and processes. Overall, more 
than 100 outcome measures have been described which 
can be used to assess the quality of anaesthesia care. It is 
clear that monitoring all of these will require resources 
beyond the capacity of many individual departments. 
Therefore, departments and individuals will be making 
their own choices about what to measure. 
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Selecting a Good Quality Indicator 


It is clear that no single indicator is sufficient as a qual- 
ity measure in anaesthesia. It is also clear that recording 
only major morbidity and mortality has limitations. 
Surrogate measures give a better picture of work flow 
and processes, and potential problems, but they do not 
replace real outcomes. Whatever indicators are chosen, 
it is important that they have specific characteristics. 
The indicator should be easy to define and record, but 
also must have a finite frequency of occurrence so that 
it can be monitored regularly. In addition, the rate of 
occurrence must be influenced by quality, and also 
must indicate something important about the process. 


Quality Indicators at Individual Patient Level 


There is very little guidance as to what individual de- 
partments of anaesthesia should be measuring on a 
routine basis in every patient as part of their quality 
improvement programme. A framework is suggested 
here, which includes sentinel events, adverse events, 
rate-based outcome indicators and work process qual- 
ity indicators (Fig. 44.2). Some of these data would be 


Patient Details 


Sentinel Events 


Death 
Cardiac arrest 
Anaphylaxis 


Complications 


available from existing hospital IT systems; others may 
have to be collected as part of on-going audit or service 
evaluation programmes. The framework can also be 
used by individual anaesthetists to maintain a record 
of their own activity and quality of care. At the depart- 
mental level this can inform, on a continuous basis, the 
quality of care which the department is providing to 
its patients, and the effect of any quality improvement 
programme. 


Quality Assessment at Departmental Level 


At the departmental level, in addition to the outcome 
data at individual patient level (Fig. 44.2), quality mea- 
sures would include structural and process attributes 
as summarized in Tables 44.3 and 44.4. 


Quality Improvement Tools 


Requirements for Quality Improvement. The chal- 
lenge for a department, in addition to collecting all 
the data at an individual patient level, is to analyse the 
data systematically, disseminate the findings as widely 
as possible and identify learning outcomes and areas 


Work Flow 


Delays 
Cancellations 
Equipment availability 


Malignant hyperthermia 
Transfusion reaction 
Myocardial infarction 
Stroke 

Blindness 

Paraplegia 


Untoward Events 
(safety indicators) 


Wrong site surgery 

Incorrect patient 
Intraoperative awareness 
Unanticipated difficult airway 
Perioperative aspiration 
Medication error 

Equipment error 

Unplanned re-intubation 
Convulsions 


FIGURE 44.2 


(rate-based indicators) 


Laryngeal or bronchospasm 
Complications with vascular procedures 
Arrhythmias 

Hypotension 

Residual curarization 
Respiratory depression 
Drug overdose 

Infection after regional block 
Nerve damage 

LA toxicity 

High spinal 

Dental damage 

Post-spinal headache 
Post-epidural haematoma 
Failed block 

Postoperative delirium 


Extended PACU stay 
Unplanned ICU admission 


Process Compliance 


Preoperative assessment 
Optimization of comorbidities 
Machine checks 

Medication checks 

WHO checklist 

Monitoring standards 
Prevention of DVT 
Prevention of infection 
Hypothermia prevention 
Prescription for PONV 


Prescription for postoperative pain 


A suggested framework for quality measurement at individual patient level in an anaesthesia department. 
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for improvement. In order to improve quality, de- 
partments will be required to develop interventions 
targeted at areas for improvement, implement them, 
and monitor progress and the impact of implemen- 
tation on outcome measures. For a successful quality 
improvement programme, it is important for depart- 
ments to invest in creating leaders and teams. It is vital 
for the leaders to address and improve the prevailing 
quality culture within the department. Continuing 
education and programmes to raise awareness are ex- 
tremely important. Embedding a culture of incident 
reporting and learning is vital. Morbidity and mortal- 
ity meetings and other network opportunities at which 
all quality issues can be aired and discussed without 
fear of a punitive outcome are absolutely essential for 
embedding quality consciousness. 

Recent experience with implementing the WHO 
checklist has presented many challenges and has pro- 
vided insight into what is required for successful im- 
plementation of a quality improvement intervention. 
Clear demonstration of success of the interventions, 
with the help of data and its rigorous analysis, is vi- 
tal for motivating staff and increasing their belief in 
such interventions. Whilst all failures should be used 
as learning experiences, the successes must be cel- 
ebrated. Barriers, facilitators and approaches in engag- 
ing staff into quality improvement are summarized in 
Table 44.5. 


Checklists. Although they existed earlier, the mod- 
ern era of the safety checklist is generally attributed 
to the crash of the newly designed Model 299 Boeing 
bomber in 1935. The cause of the crash was straight- 
forward — the elevator lock had been left on. However, 
two extremely important facts emerged from the 
investigation. First, the pilot was an extremely expe- 
rienced and competent pilot. Second, taking the eleva- 
tor lock off was not an unusual requirement. The pilot 
would do this normally, but on this occasion, presum- 
ably due to distraction by other things, he forgot. The 
response of pilots was to create a process which en- 
sured that simple things did not get missed, regardless 
of the situation. 

The introduction of the WHO checklist as a 
strongly encouraged or mandated part of theatre prac- 
tice has re-focussed attention on the potential benefits 
and risks of checklists in healthcare, and particularly 


TABLE 44.5 


Barriers, Facilitators and Approaches to 
Engage Staff in Quality Improvement 
BARRIERS = Top heavy approach 
m Lack of involvement at the beginning 
m Punitive actions 
m Lack of evidence 
m Lack of assurance 


m Lack of control 


FACILITATORS = Role models 
m Peer pressure 
= Evidence 
= Common sense 
m Good outcomes 
m Enhancement of professional position 


= Rewards 


APPROACHES Science approach 


m Safety research 
m Research into causes of errors 
= Research into prevention of errors 


m Research into systems 
m Safety interventions 


m Safety measures 
Educational approach 


m Curriculum 

= Training 

m Courses 

m Cross-learning modules 


m Faculty 
Management approach 


= Vision 

= Strategy 

m Organizational change 
m Risk management 

= Implementation 

m Professional leadership 


m Networking 


perioperative care. Checklists are not new in anaes- 
thesia. Various national bodies produced anaesthetic 
machine checklists in the 1980s and 1990s. This was 
in response to the emerging data that demonstrated 
a significant number of patient safety incidents 
which could have been avoided by proper checking of 
equipment. 


The term checklist is used for documents which 
may have a variety of purposes. Conceptually, they can 
be thought of as: 


m checking 
m briefing 
m planning. 


There is a multitude of checklists in use by anaes- 
thetists and they encompass these different purposes to 
varying degrees. Some are designed better than others. 

Most checklists are tabulations or summaries of ac- 
cepted best practice. We would hope that anaesthetists 
would recognize the need to undertake these actions 
regardless of whether a checklist exists. Their role is 
therefore about ensuring that these actions take place 
for every patient, every time. The human memory is 
fallible and regardless of professional status, cannot 
be relied upon to remember more than about seven 
items. 

There is a substantial body of evidence to show that 
anaesthetists are not particularly good at completing 
all the necessary checks. This applies to the anaesthe- 
sia machine, drug checking and the WHO checklist. 
The reasons for this are multifactorial and relate to all 
aspects of safety and quality discussed in this chapter. 
Specific barriers to full engagement with checklist pro- 
cesses include the following. 

Perceived importance. The rate of incidents related 
to the items on the checklists is very low and there- 
fore the overwhelming likelihood is that there will 
be nothing amiss. The anaesthetist may therefore 
consciously, or subconsciously, choose to prioritize 
another activity. 

Organizational culture. Perceptions of organiza- 
tional prioritization of efficiency over safety may 
encourage an individual to save time by shortening 
or omitting checklists. Conversely, an organization 
which fails to monitor compliance with checklists, or 
hold individuals to account when appropriate, sends a 
message that it does not value them either. 

Resistance to standardization. Anaesthetists are 
highly trained individuals with a large amount of pro- 
fessional autonomy. Checklists, by definition, stan- 
dardize and consequently restrict practice, and may 
therefore be resisted. This may manifest itself in 
‘academic arguments about the validity of evidence in 
favour of specific checklists. 
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‘Professional’ behaviour and stereotypes. As a result 
of the three aspects above, senior medical staff may 
view the checklist process as beneath them, and some- 
thing to be delegated to more junior staff. This may in 
turn promote a culture of non-importance. 

Checklist design. Undoubtedly, some checklists are 
badly worded and designed. There may be too many 
questions, questions asked at the wrong time in the 
process, or questions which encourage yes/no an- 
swers without true engagement. The evolution of the 
AAGBI Anaesthetic Machine Checklist demonstrates 
improvements in layout and wording to encourage full 
compliance. 

Human fallibility. However well designed the check- 
list process, humans will make mistakes. Most com- 
monly reported are automatic responses — answering 
yes, when the checks have not actually been done, and 
performing checklists by rote. 


WHO Checklist. The WHO checklist is a hybrid 
checklist. It involves elements of planning, briefing 
and checking (Table 44.6). The components on the 
checklist match the WHO Safe Surgery Saves Lives 
objectives believed to be fundamental to improving 
outcomes following surgery (Table 44.7). 

There are three phases to the checklist: 


m Sign-in: is it safe to start anaesthesia? 

= Time-out: is it safe to start surgery? 

= Sign-out: has surgery been completed safely? Is it 
safe to hand over to the next phase of care. 


Local adaptation is encouraged, both to match local 
circumstances and to ensure the appropriate questions 
are asked. For instance, cataract surgery under local 
anaesthesia is ill-served by questions related to airway 
management, but may have specific issues around pre- 
operative biometry. 

There are other surgical checklists, notably the 
SURPASS system, pioneered in the Netherlands. The 
basic principles are the same. 

There is reasonable evidence that implementation 
of the WHO checklist is associated with improve- 
ment in outcomes following surgery. The degree of 
compliance with perioperative checklists appears to 
be associated with both intraoperative teamwork, and 
postoperative outcomes. In other words, doing it well 
is as important as doing it at all. 
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TABLE 44.6 


Examples of Different Purposes of Checklists 


Checklist Purpose Example Notes 

Anaesthesia machine Checking Check that the anaesthetic apparatus is Printed cards attached to 
connected to a supply of oxygen and that an machine 
adequate reserve supply of oxygen is available Long-list 


from a spare cylinder 


Advanced life support Checking Potential causes or aggravating factors for which Memorization encouraged 
4 Hs and 4 Ts specific treatment exists must be sought during Time-critical 

any cardiac arrest. For ease of memory, these 

are divided into two groups of four, based upon 

their initial letter, either H or T: 


Hypoxia 
Hypovolaemia... 
WHO Checklist Multiple/ No explicit differentiation 
hybrid between checking, briefing and 
planning 
WHO Checklist Checking Is the anaesthesia machine and medication Refers to another process/SOP 


check complete? (Sign-in) 
Have the specimens been labelled 
(including patient name)? (Sign-out) 


WHO Checklist Briefing Are there any critical or unexpected steps you A ‘stop - go’ moment, but 
want the team to know about? (Time-out) mainly a confirmation of 


adequate staff briefing 


WHO Checklist Planning Are there any specific equipment requirements Really a planning question 
or special investigations? (Time-out) May be too late to solve the 
problem 


TABLE 44.7 


WHO Safe Surgery Saves Lives Objectives 


Objective 

1 The team will operate on the correct patient at the correct site. 

2: The team will use methods known to prevent harm from anaesthetic administration, while protecting the patient 
from pain. 

3: The team will recognize and effectively prepare for life-threatening loss of airway or respiratory function. 

4. The team will recognize and effectively prepare for risk of high blood loss. 

5. The team will avoid inducing an allergic or adverse drug reaction known to be a significant risk to the patient. 

6. The team will consistently use methods known to minimize the risk of surgical site infection. 

7: The team will prevent inadvertent retention of swabs or instruments in surgical wounds. 

8. The team will secure and accurately identify all surgical specimens. 

9. The team will effectively communicate and exchange critical patient information for the safe conduct of the operation. 

10. Hospitals and public health systems will establish routine surveillance of surgical capacity, volume and results. 


As with all checklists, lack of engagement, over- 
familiarity and ‘tick-boxing are significant risks from 
its continued use. 

The WHO checklist is a per patient checklist. 
Many authorities argue that its safety role is en- 
hanced by broader per list processes such as brief- 
ings and debriefings which promote wider team 
communication and allow problems to be identified 
and addressed without the pressure of having a pa- 
tient present. 


DESIGNING PROBLEMS OUT OF THE 
SYSTEM 


Human error is inevitable. A key approach to mini- 
mizing error is therefore to limit the possibility for 
human error. In many respects, anaesthesia provides 
exemplars of how this can be done, although there are 
many areas in which progress could be made. 


Safety by Design 

The anaesthetic machine is a device designed to deliver 
a safe mixture of gases to a patient. Over the years, al- 
most every method of failing to do this has happened, 
often with tragic consequences. It is now difficult to de- 
liver hypoxic mixtures regardless of human interaction. 
Specific design features include non-interchangeable 
screw threads and valves on gas supplies, hypoxic guards 
and linkages on flowmeters and standardized connec- 
tions for breathing systems. The same approach can be 
taken with presetting of infusion protocols for PCAS, 
epidural infusions, TCI, etc. 


Organizational Design 


There are theoretical safety (and financial) advan- 
tages to limiting the variation in drugs and equip- 
ment available to anaesthetists. There is usually little 
evidence to suggest that one drug or device is better 
than another, but by limiting choices, individuals are 
more likely to be familiar with what is available and 
possibly less likely to confuse one for another. This 
approach can be seen in the rationalization of anaes- 
thetic drug cupboards to have the same core drugs, 
laid out in the same way. ‘Dangerous’ drugs which are 
used rarely but with potentially catastrophic conse- 
quences (e.g. neat KCl) are kept out of routine drug 
cupboards. 
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Making it Easy to do the Right Thing 


Most individuals will choose the easiest option if there 
are no other issues to consider. If the system is de- 
signed to make the correct option the easiest option, 
then safety should be enhanced. For instance, provid- 
ing procedure packs with full sterile protective equip- 
ment and drapes is associated with better compliance 
with sterile precautions and reduction in central line- 
associated infections. No new equipment or policies 
are required, simply a redesign of the process. 


Understanding Workarounds 


Even with these designs, individuals may deliberately 
circumvent the system. When this occurs, organiza- 
tions and departments need to understand why this 
has happened. The answer will often reveal deficien- 
cies in the current design, and a lack of understand- 
ing of why processes are designed in the current way. 
Organizations with proactive and generative safety 
cultures will seek to address these rather than simply 
exhorting staff to follow policies and procedures. 


Learning from Incidents 


A key indicator of a safe organization is its desire and 
ability to learn from previous incidents and near- 
misses. To quote Sir Liam Donaldson, a past UK Chief 
Medical Officer: “To err is human, to cover up is unfor- 
giveable, and to fail to learn is inexcusable’ 

There are several key components to learning from 
incidents and near-misses: 


Acknowledging and Recording that they Happen. 
Unfortunately, there is still a common perception of 
punitive responses to incidents which, in part, leads to 
significant under-reporting. A cultural failure to rec- 
ognize the importance of incidents and near-misses 
may result in some organizations simply not report- 
ing incidents which have occurred. There are struc- 
tural barriers to reporting in many organizations, with 
cumbersome paper or electronic systems. 


Appropriate Analysis of Incidents 


Large industrial companies have specific teams trained 
to collate, analyse and investigate incidents. Such an 
approach is relatively rare within healthcare. The an- 
aesthetic profession has made significant progress in 
this area with prospective studies of rare events (such 
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as the UK National Audit Projects investigating com- 
plications of neuraxial blocks, airway management 
and unintentional awareness); analysis of legal claims 
(US Closed Claims, NHLSA database in the UK); 
and prospective studies of incidents (AIMS study — 
Australia). Many countries now have some form of 
national reporting system (e.g. the National Reporting 
and Learning System), although these are of course 
only as good as the data entered. 

Analysis of individual incidents and aggregated 
data is a skill. This requires training to ensure that the 
correct interpretation of events is made and that any 
recommendations will reduce the risk of recurrence 
without introducing new risks. 

Departmental morbidity and mortality meetings 
provide a good opportunity for colleagues to learn 
from incidents, provided they are facilitated well. 


Feedback to Relevant Staff. A common reason why 
staff choose not to fill in incident reports is that they 
feel nothing changes anyway. Departments and orga- 
nizations have to develop processes which allow staff 
to receive meaningful feedback about incidents with- 
out being swamped by an overload of information. 


Organizational Memory. Most errors within health- 
care have happened before. Sadly, healthcare has too 
often forgotten the lessons it learnt last time. This hap- 
pens particularly when events are separated widely in 
time or geography. National organizations such as the 
Colleges and Associations have a key role to play in 
ensuring that the lessons learnt in previous times are 
passed on to successive generations of anaesthetists. 


Models for Implementing Quality Improvement 
Programmes 


Different models used in quality improvement pro- 
grammes involve identifying an area for improvement, 
carefully defining an improvement and developing 
tools which can be used to measure improvement. A 
multidisciplinary team then considers and develops 
the interventions aimed at making these improve- 
ments; interventions are implemented and progress is 
monitored. If the intervention leads to improvements, 
it is then integrated into everyday work flow. A clear 
understanding of the aims and positive workplace 
quality culture are required for the success of any such 


programme, which requires an integrated approach 
involving all stakeholders at organizational, depart- 
mental and individual levels. 

Some of the models of quality improvement which 
are often used in healthcare settings are described below. 


Plan-Do-Study-Act (PDSA). The Institute of Healthcare 
Improvement has used this method widely for rapid cy- 
clical improvements. At the beginning of the cycle, the 
nature of the problem is determined. The next stage 
is that of planning for a specific targeted change. The 
change is then implemented, and data and informa- 
tion collected to study the impact. The last part of the 
cycle involves taking action by either implementing the 
change or starting the process again. The overall im- 
provement may require many small and frequent PDSA 
cycles rather than one big and slow cycle. 


Six Sigma. The main aim of this model is to improve 
processes to minimize or eliminate waste. The im- 
provement is measured by assessing process capabil- 
ity. Before an intervention is designed and undertaken, 
baseline assessment is carried out to establish how a 
process is performing. This is done by observing the 
process and counting the defects or areas of improve- 
ment. The defect rate per million is then calculated to 
a sigma metric using statistical tools. Potential solu- 
tions for improvement are then designed and piloted. 
The measurements of the sigma metric are undertaken 
again to quantify improvement in the process. This 
method is useful mainly for process improvements 
and the methodology can be undertaken on a regular 
basis while efforts to improve processes with multiple 
interventions are being undertaken in an organization. 


Lean Production System. This system overlaps with the 
six sigma methodology, and is similarly aimed at mini- 
mizing waste and improving efficiency by simplifying 
overcomplicated processes and avoiding duplications 
and rework. The front-line staff are involved throughout 
the process and the problems are rigorously tracked as 
the staff experiment with potential improvements. The 
lean system is driven by the identification of customer 
needs. With a focus on the needs of the customers, any 
activity which does not add value (waste) is then re- 
moved. Thus, the value-added activities are maximized, 
waste is removed and efficiency savings are made. 


Root Cause Analysis. This methodology is commonly 
used for improvements at organizational and depart- 
mental level. The analysis is triggered by an adverse 
event. A retrospective systematic analysis is under- 
taken to tease out the underlying factors which may 
have caused and/or contributed to the generation 
of the event. The spirit of analysis is the belief that 
systems, rather than individual incompetence, are 
likely to be the root cause of most problems. With 
an overarching systems approach to understand- 
ing the problem in a non-punitive manner, a trained 
multidisciplinary team investigates the event to ask a 
series of questions: what happened, why did it hap- 
pen, what factors caused it, what contributed to it and 
what system improvements could prevent it. The team 
then makes recommendations for changes in system 
improvements. 


Failure Modes and Effects Analysis. The methodology 
and the underlying principles of this analysis are simi- 
lar to root cause analysis. The difference is that failure 
modes and effects analysis is undertaken proactively. 
The processes and systems are observed and analysed 
for any potential failure by a multidisciplinary team. 
The team then evaluates a number of options which 
can mitigate potential failures, and finally makes rec- 
ommendations for systems improvements. 


SUMMARY 


The attributes of quality in healthcare include safety, 
effectiveness, patient-centredness, timeliness, efficiency 
and equity. In order to achieve delivery of a high quality 
of care, it is essential that the organizations, departments 
and individual members of staff develop a positive qual- 
ity and safety culture. Such a culture promotes open- 
ness and learning from everyday events without being 
punitive. The common understanding in this culture is 
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that the generation of an error involves latent organi- 
zational failures, error-facilitating workplace conditions 
and human error at the front end. Because human error 
is inevitable, efforts must be directed towards strength- 
ening the systems so that reliance on the front-end of 
care delivery is minimized. Any quality improvement 
programme requires systems which measure quality 
and safety. A number of methods and techniques are 
available to assess safety culture in the workplace. In 
addition, specialty-specific outcome measures should 
be monitored to obtain a comprehensive assessment 
of quality. These outcome measures should be context- 
specific and should include clinical outcomes as well 
as process measures. Sentinel events are important but 
do not allow continuous outcome monitoring because 
of their low occurrence rate. Therefore, rate-based in- 
dicators, complications and adverse outcomes need to 
be monitored to obtain an overall sense of the qual- 
ity of care. Once the areas for improvement have been 
identified, departments and organizations should hold 
team meetings to develop and design new interven- 
tions which can narrow the gap between the existing 
state and the desired state of quality. For implementa- 
tion of these interventions, a number of approaches, e.g. 
educational, research, social, may be undertaken. The 
tools and methodologies for implementing improve- 
ment programmes include PDSA cycles, six sigma, lean 
production system, root cause analysis and failure mode 
and effects analysis. 
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THE INTENSIVE CARE UNIT 


H istorically, critical care medicine can be traced as 
far back as the Crimean war and Florence Nightingale’s 
pioneering work in monitoring the critically ill patient. 
The poliomyelitis outbreak in Denmark in the 1950s 
saw the onset of positive pressure ventilation in spe- 
cific designated areas, and continued evolution has led 
to what we recognize as intensive care medicine today. 
This chapter aims to provide an overview of the provi- 
sion of general adult intensive care. 

The key components of intensive care are resusci- 
tation and stabilization, physiological optimization 
to prevent organ failure, support of the failing organ 
systems and recognition of futility of treatment. The 
Department of Health NHS Executive defines intensive 
care as ‘a service for patients with potentially recover- 
able conditions who can benefit from more detailed 
observation and treatment than can safely be provided 
in general wards or high dependency areas’. Levels of 
care within the hospital can be described from level 
0 (ward-based care) to level 3 (patients requiring ad- 
vanced respiratory support alone or a minimum of 2 
organs being supported) (Table 45.1). There is now a 
move towards a comprehensive critical care system, 
where the needs of all patients who are critically ill, 
rather than just those who are admitted to designated 
intensive care or high dependency beds, are met with 
consistency. 

In the UK, intensive care beds generally account for 
1-2% of the total number of acute beds. The design 
of ICUs varies from hospital to hospital but they are 
characterized by being designated areas in which tradi- 
tionally there is a minimum nurse:patient ratio of 1:1 
in addition to a nurse in charge at all times, 24h cover 
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by resident medical staff (without commitments else- 
where) and the facilities to support organ system fail- 
ures. High-dependency units (HDUs) are designated 
areas with a nurse:patient ratio of 1:2 in addition to 
a nurse in charge at all times, continuous availability 
of medical staff either from the admitting specialty, or 
from the ICU, and an appropriate level of monitoring 
and other equipment. While ICU and HDU may be 
situated separately in the hospital, all critical care beds 
should ideally be in adjacent locations. 

The physical floor space for each bed in an ICU 
should be greater than 20m’, more than on an ordi- 
nary ward because several nurses may need to treat a 
patient simultaneously and bulky items of equipment 
often need to be accommodated. Increased bed spac- 
ing and the presence of isolated side rooms may help to 
reduce the risk of nosocomial infection. Each bed area 
is supplied with piped oxygen, suction, and medical 
compressed air. The plethora of electronic monitors 
requires at least 12 electric power sockets (with emer- 
gency backup electrical supply) at each bed. Sufficient 
bedside storage space, at least 5 m°, is needed for drugs 
and disposable equipment. Each bed area should be 
equipped with a self-inflating resuscitation bag to en- 
able staff to maintain artificial ventilation if the me- 
chanical ventilator, gas or electricity supply fails. 


STAFFING AN INTENSIVE 
CARE UNIT 


Care of the individual patient in an ICU is increasingly 
complex and involves contributions from a variety of 
medical staff, as well as high standards of care from 
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TABLE 45.1 


Levels of ICU Care 


LEVEL 0 m Requires hospitalization 


m Patient's needs can be met through normal ward care 


LEVEL 1 m Patients recently discharged from a higher level of care 


m Patients in need of additional monitoring/clinical interventions 


m Patients requiring critical care outreach service support, clinical input or advice 


LEVEL 2 m Patients needing preoperative optimization 


m Patients needing extended postoperative care 


m Patients stepping down to Level 2 care from Level 3 


m Patients receiving single organ support including basic cardiovascular and respiratory support 


LEVEL 3 m Patients receiving Advanced Respiratory Support alone 


m Patients requiring a minimum of 2 organs supported 


nurses, physiotherapists, dieticians, pharmacists and 
other health professionals. Each member of the mul- 
tidisciplinary team has a broad spectrum of experi- 
ence and skills and it is worth remembering the value 
of good teamwork to ensure that high standards of 
quality patient care are provided. Often the consultant 
in the specialty under which the patient was admit- 
ted may still be nominally in charge, but confusion is 
minimized if day to day decisions are made through 
the ICU team, in close liaison with the parent specialty. 
Good communication is paramount, both within the 
ICU environment and with the various other teams. 


The ICU Consultant 


There must be twenty-four hour cover of the ICU by 
a named consultant who has appropriate experience 
and competencies. Difficult therapeutic and ethical 
policy decisions may be required at any time in the 
ICU and it is essential that they are taken by an indi- 
vidual whose previous experience allows a reasonable 
assessment of the likely outcome, and whose thera- 
peutic expertise is likely to give the patient the optimal 
chance of recovery. The ICU consultant, if not physi- 
cally present in the unit, must always be available by 
telephone and should not be involved in any activity 
which precludes his or her attendance there within 
30 min. Because of the critical nature of ICU patients’ 
illnesses, the ICU consultant expects to be informed 
immediately of any significant change in their condi- 
tion. Similarly they should be informed of any poten- 
tial admissions and all new patients should be seen 


within 12 hours. The consultant’s base specialty is less 
important than appropriate training and experience. 


The ICU Resident 


The junior medical staff in ICU have a pivotal role in 
the co-ordination of all aspects of patient care, par- 
ticularly to maintain good lines of communication 
between the different teams involved. Because of their 
continuous presence in the unit, the ICU resident is 
best informed about the patient’s recent diagnostic 
results, physiological status and therapeutic responses 
and should attempt to use current knowledge to guide 
treatment along rational lines. Daily work comprises 
at least one main ward round, usually in the presence 
of the multidisciplinary team, whereby clinical deci- 
sions are made. Following patient assessment, find- 
ings should be documented, the results of relevant 
investigations reviewed and appropriate actions taken. 
Because of the potential to change, the patients’ clini- 
cal state should be frequently reassessed. Other duties 
may include discussion with relatives, but as with all 
aspects of intensive care, both clinical and non-clinical 
duties should fall within the expertise and remit as set 
by both the junior and consultant. There is a broad 
range of training opportunities to be had with time 
spent on the unit, and training in intensive care should 
be focused on a competency-based programme. 


Nursing Staff 


It should be appreciated that the nursing staff provide 
most of the care that patients receive in ICU. ICU nurses 
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have greatly extended roles, experience and responsibil- 
ity. They have undergone specific training to enable 
them to perform titration of fluid replacement, analge- 
sia, vasoactive drug therapy and weaning from mechani- 
cal ventilation. The route by which complex instructions 
and information are transmitted between medical and 
nursing staff is of vital importance. A system in which 
a relatively junior clinician serves as a ‘final common 
pathway’ for all instructions works well in practice, pro- 
vided that the doctor involved is present within the unit 
at all times so that the nurses may obtain clarification 
of instructions, report changes in status and receive im- 
mediate help in emergencies. It is essential that a nurse is 
present and takes part when discussions take place with 
the patient, or their relatives or friends. The content of 
such discussions must be recorded accurately in the 
patient’s notes. The resident should remember that the 
majority of ICU nurses (especially the senior nurses) 
have an enormous amount of ‘bedside’ experience with 
critically ill patients and considerable reliance should be 
placed on their observations. 


Physiotherapists 

Physiotherapists provide therapy for clearance of 
chest secretions and are involved in decisions regard- 
ing weaning from mechanical ventilation and trache- 
ostomy decannulation. In addition, physiotherapy is 
used to help preserve joint and muscle function in the 
bedbound patient and promote eventual independent 
ambulation where possible. Their advice on the chang- 
ing physical status of patients is invaluable. 


Pharmacists 


Polypharmacy is often a feature in the critically ill 
and there is great potential for drug interactions and 
incompatibility of infusions. In addition, many drug 
doses need to be modified in the presence of critical 
illness because of altered pharmacodynamics or phar- 
macokinetics. These changes are likely to be particu- 
larly marked in patients with hepatic or renal failure, 
and can be difficult to predict. Pharmacists have a vital 
role in checking prescriptions and providing detailed 
advice on drug therapies. 


Dieticians 
For all but extremely short ICU stays, the critically ill 
patient should receive some form of nutrition while 


in ICU. The role of the dietician is to assess the nu- 
tritional status and requirements of the patient and 
hence provide individually tailored support. They may 
also be involved in the TPN team. 


The Microbiologist 


Critically ill patients are immunocompromised as 
a result of the underlying pathological process, the 
impact of treatments (such as steroids) and the pres- 
ence of surgical/traumatic wounds, multiple vascular 
catheters and other invasive tubing. This predisposes 
them to hospital-acquired infections. Prolonged use of 
broad-spectrum antibiotics encourages the develop- 
ment of resistant pathogens and overgrowth of other 
organisms. In order to effectively treat sepsis and pre- 
vent resistance, there is usually a nominated micro- 
biologist, who is familiar with the flora and resistance 
patterns of the unit, and who visits the ICU daily to 
advise on microbiology results and antibiotic therapy. 
It is also essential to adhere to local policies aimed at 
reducing cross infection and minimizing the number 
of hospital-acquired infections. The National Patient 
Safety Agency (NPSA) also has a number of helpful 
guidelines for personnel working on ICU (www.npsa. 
nhs.uk). 


OUTREACH/FOLLOW-UP 


The critical care outreach team collaborates between 
the ICU and other areas of the hospital. The aims of the 
outreach team are to identify the deteriorating patient 
early with the aim of averting ICU admission, to facili- 
tate timely admission to ICU if required, and to assist 
in the timely and appropriate discharge from ICU. It 
is important to identify those patients who are un- 
likely to benefit from further resuscitation or critical 
care support due to the nature of their acute illness or 
underlying diseases, to prevent futile interventions and 
ensure equitable use of scarce ICU resources. By fol- 
lowing up patients discharged from ICU/HDU, a level 
of continuity of care can be provided and in addition 
critical care skills may be shared between the team and 
ward-based staff. The team may comprise of senior 
members of medical, nursing and physiotherapy staff. 

A number of scoring systems based on abnormal 
physiological variables, such as the modified early 
warning score (MEWS) (Table 45.2), can be recorded 
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TABLE 45.2 


Modified Early Warning System (MEWS) 


MEWS Score 3 2 1 0 1 2 3 
Pulse <40 41-50 51-100 101-110 111-130 >131 
Respiratory rate <8 9-14 15-20 21=29 >30 
Temperature <35 35.1-36 36.1-38 38.1-38.5 >38.6 
Urine output <10mL/h <20mL/h 
Systolic BP <70 71-80 81-100 101-199 >200 
AVPU U P V A New agitation/ 

confusion 
Glasgow Coma 15 14 9-13 <8 


Scale 


AVPU is a simple assessment where: A, Alert; V, Responds to verbal commands only; P, responds to pain; U, completely unresponsive. 


by ward staff; the outreach team can be contacted 
accordingly once a trigger score has been reached. 
Care needs to be taken with younger fitter patients, 
who have good physiological reserve and who may not 
deteriorate in terms of MEWS score until a peri-arrest 
situation develops (e.g. in presence of bleeding or se- 
vere sepsis). Children, obstetric, neurological, renal 
and other sub-specialty groups have adapted scores to 
allow for altered background physiological status. 


ADMISSION TO THE INTENSIVE 
CARE UNIT 


The decision to admit a patient to the intensive care 
unit may be straightforward, but is often difficult 
and confounded by increasing expectations in an 
ever increasing elderly population with multiple co- 
morbidities. ICU resources are finite and costs high, 
so in the face of limited prospects for benefit or sur- 
vival of an individual patient, a number of complex 
ethical issues can arise surrounding admission, pro- 
vision and discontinuation of intensive care therapy. 
It is therefore necessary that all individual cases are 
discussed with the ICU consultant, as the decision 
regarding whether to admit the patient often comes 
down to multidisciplinary team discussion and clini- 
cal expertise. Blanket admission policies may be un- 
helpful, and decisions should consider the individual 
patient, taking into account their wishes and values. 
Senior staff should discuss with the patient (where 


possible) and/or their relatives potential treatment 
options and possible outcomes and alternatives. 
However, acutely ill patients can rarely discuss de- 
tails of their care, and relatives may find it difficult to 
make an objective judgement. If a patient has made 
an Advance Directive (‘Living Will’) then its con- 
tents must be respected. 

In essence, the aim of intensive care is to support 
patients while they recover. It is not to prolong life 
when there is no hope of recovery. In many cases, un- 
less the outlook is obviously futile, patients will be ad- 
mitted for a trial of treatment to see whether they will 
stabilize and improve over time. Patients with little or 
no prospect of survival may occasionally be admitted 
to intensive care. This can facilitate more appropriate 
terminal care, or to allow the relatives time to visit and 
the bereavement process to be better managed. In the 
very short term this is a justifiable and appropriate use 
of a critical care facility. 


Assessment of Patients 


When dealing with a newly admitted patient with 
acute disease, assessment and resuscitation often take 
place simultaneously and follow the standard pattern 
of recognizing and dealing with problems in the or- 
der of airway, breathing and circulation. The resident 
should heed all the patient’s problems and the res- 
ponses to the treatments instigated and to do this, it is 
essential to approach the assessment of the patient in a 
systematic manner. 
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History 


Often the patient is unable to give a full and accurate 
history. Information should be obtained from the pa- 
tient’s notes, a thorough handover from referring or 
transferring staff, old notes (which may need to be 
retrieved from the referring hospital), and informa- 
tion from the patient’s family doctor. Speaking to the 
patient’s relatives gives invaluable insight into the pa- 
tient’s pre-morbid condition; and looking at the in- 
tensive care chart allows an assessment of progress 
regarding ventilation, haemodynamic stability, fluid 
balance and sedation requirement. It is important that 
details in the history are not overlooked as it is rela- 
tively easy for misinformation to be perpetuated from 
one shift handover to the next. 


Examination 


It is imperative to adhere to unit policy regarding 
infection control. Scrupulous hand hygiene and the 
use of gloves and aprons are necessary before exami- 
nation of the patient. A systematic approach is vital. 
Remember that although the patient may appear to 
be unconscious, hearing and other senses may still be 
intact, dignity and respect should be maintained at all 
times. Below is a guide to examination. 


Airway and Respiratory System 


Note how the airway has been secured, how long any 
tube (tracheal/tracheostomy) has been in place, rele- 
vant cuff pressures and type and volume of respiratory 
secretions. In a trauma patient, ensure that the cervical 
spine is stable. Auscultate the lungs to check for bilat- 
eral and equal air entry and added sounds. Check the 
type and adequacy of ventilation, as well as latest arte- 
rial blood gas results, and ensure the most recent and 
relevant past CXRs have been reviewed. If chest drains 
are present again ascertain their duration and drainage. 


Cardiovascular System 


Note the pulse, arterial pressure, JVP, heart sounds, 
CVP, stroke volume and cardiac output. Clinical exam- 
ination will reveal whether the patient feels cold and 
‘shut down’ or warm and ‘well perfused’. Look for the 
presence of dependent or peripheral oedema. Venous/ 
arterial catheter sites may reveal evidence of infection. 
Note the type and dose of positive inotropes or other 
vasoactive drugs required. 


Gastointestinal Tract 


Examination of the abdomen will reveal whether it is 
soft, tender or distended. The absence of bowel sounds 
may be misleading in a patient who is sedated and 
undergoing artificial ventilation; bowel activity is bet- 
ter ascertained from the observation chart. It should 
be noted whether the patient is being fed enterally or 
parenterally. If enteral feeding is being provided, note 
whether the patient is absorbing the feed and whether 
any prokinetic drugs are required; stress ulcer pro- 
phylaxis is routine. Other information gained from 
examination may include recent surgical activity, the 
function of stomas, appearance of wounds and con- 
tents of abdominal drains. 


Renal System 


The important features are urine output, current/ 
cumulative fluid balance and abnormalities of serum 
electrolytes or acid—base balance. The patient may be 
receiving renal replacement therapy so make sure cath- 
eters and anticoagulation are adequate. 


Central Nervous System 


Ascertain the patient’s level of consciousness as well 
as the dose and duration of sedative/analgesic drugs. 
Scoring systems for sedation are widely used. It is in- 
creasingly the practice to perform daily sedation holds 
unless contraindicated, for example a patient with cere- 
bral oedema after traumatic brain injury. Make a note 
of evidence of focal neurology/seizures/weakness and 
whether there are purposeful symmetrical movements 
to verbal command or painful stimulus. Specialist moni- 
toring may be used to measure intracranial pressure and 
cerebral perfusion pressure, and to guide management. 


Limbs/Skin and Wounds 


Look for evidence of adequate perfusion (ensure doc- 
umentation of primary and secondary surveys after 
trauma), presence of peripheral pulses, adequate cap- 
illary refill and evidence of swelling, tenderness, DVT 
or compartment syndrome. 

Surgical wounds and trauma sites should be in- 
spected for adequate healing or infection. 


Lines and Sepsis 


All invasive catheters and tubing should be inspected 
for signs of local exit site infection (they will not show 


internal infection). Their duration should be noted as 
well as review of their ongoing requirement. Evidence 
suggesting catheter-related sepsis should prompt their 
removal and culture, but they should not be routinely 
replaced as a method of preventing infection. Note 
the patient’s temperature with changes over time and 
check against markers of infection such as pulse, WCC, 
CRP and procalcitonin. 


Investigations/Planned Interventions 


Once the patient has been reviewed, go back through 
the chart to make sure nothing has been omitted and 
review the patient’s important haematology, biochem- 
istry and microbiology results. Radiological investiga- 
tions should also be reviewed. 

Documentation should be of a high standard. 
Many units use a standard proforma for admission 
documentation and other templates, algorithms or 
protocols to encourage high standards of clinical care. 
Prescription charts should be reviewed daily, making 
particular note of antibiotic requirements and appro- 
priateness of stress ulcer and DVT prophylaxis. Fluid 
and nutrition charts should also be examined. 


Formulating a Plan 


Finally an action plan needs to be formulated, with 
special regard to both active and ongoing problems. A 
plan for each organ system requiring support should 
be put into place as well as a ventilation and/or wean- 
ing proposal. A review of nutrition, 24h fluid balance 
and changes to drug therapy should also be undertaken 
and any planned procedures/interventions should be 
discussed with the consultant. Communicate back any 
change in plans to the relevant nursing staff and bear 
in mind that relatives appreciate honest, up to date 
progress reports. It is important to note that patient 
confidentiality should never be compromised via dis- 
cussion or documentation. Full assessment and exami- 
nation should be repeated at least daily even in stable 
patients, because the physiological state of critically ill 
patients can change rapidly. 


Transfers 


If the patient is to undergo transfer, whether to another 
hospital, CT, theatre or other site, meticulous prepa- 
ration should be undertaken to ensure the patient at 
all times has availability to an oxygen supply, venous 
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access, monitoring with power backup and an ad- 
equate supply of their necessary infusions and pumps. 
The accompanying personnel, at least 2 persons, must 
have experience in transfer of the critically ill patient. 
Emergency drugs and intubation equipment need to 
be readily available as a transfer, no matter how short, 
can rapidly become a hazardous situation. 


MONITORING IN ICU 


There is a plethora of monitoring equipment in ICU, 
which may at first be daunting. It is important to know 
that all equipment is working, and accurate and cali- 
brated correctly. Always question whether additional 
monitoring is necessary and whether it would safely 
provide further information. 


Basic Non-Invasive Monitoring 


Monitoring of ECG and oxygen saturation is routine 
for all patients. Non-invasive blood pressure measure- 
ments may be required if the level of care is stepped 
down. Capnography confirms intubation of the tra- 
chea and connection to the ventilator, the presence of 
airflow obstruction and a cardiac output. It provides 
some information about the adequacy of ventilation, 
but correlates poorly with PaCO.,. It is essential moni- 
toring for tracheal intubation, during tracheostomy 
or other airway interventions and is rapidly becoming 
standard at all times in ventilated patients. 


Invasive Monitoring 
Arterial Pressure 


Arterial cannulation is used in most ICU patients. 
It allows continuous measurement of arterial blood 
pressure and easy serial blood gas and other sampling. 
Significant respiratory variation in the amplitude 
of the arterial pressure wave (‘respiratory swing’) is 
characteristic of hypovolaemia. This pulse pressure 
variability (which relates to stroke volume variability 
caused by changes in venous return) can be formally 
measured by modern monitoring systems and is de- 
scribed as a percentage. Abnormal arterial waveforms 
can be seen in hyperdynamic circulations and condi- 
tions such as aortic stenosis, aortic regurgitation and 
left ventricular failure. Normal waveforms give an 
indication of cardiac output, myocardial contractility 
and outflow resistance. 
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Central Venous Pressure 


Right heart filling pressures may be measured by cen- 
tral venous catheterization of the superior vena cava 
(common access sites are the internal jugular, subcla- 
vian or femoral vein). The trend in measured pressure 
provides some indication of haemodynamic status/ 
cardiac function, but should be interpreted with cau- 
tion as it can be subject to other influences. Central 
venous access provides a route for intravenous drug 
infusion as well as a dedicated route for temporary 
parenteral nutrition. Strict aseptic technique is re- 
quired when manipulating the catheter or its connec- 
tions to minimize the risk of catheter-related sepsis. 


Pulmonary Artery Catheter 


Pulmonary artery (PA) catheterization was for a num- 
ber of years considered the ‘gold standard’ for cardio- 
vascular monitoring in ICU. This technique enabled 
the measurement of pulmonary artery pressure, pul- 
monary artery occlusion pressure (wedge pressure, 
PAOP) and CO, and also allowed many other haemo- 
dynamic variables to be derived. The value of pulmo- 
nary artery catheters has been questioned and its use 
has fallen significantly with the introduction of alter- 
native forms of monitoring. Given the controversy re- 
garding its potential advantages, its use should be based 
on the risk/benefit ratio for each individual patient. 


Pulse Contour Analysis. The peripheral arterial pulse 
waveform is a function of the cardiac output, the peri- 
pheral vascular resistance, peripheral vascular compli- 
ance and the arterial pressure. If the cardiac output 
is measured for a given peripheral arterial waveform, 
then after calibration, changes in the peripheral pulse 
waveform can be used to calculate changes in the 
cardiac output. To calibrate the system an indicator 
is injected into a venous catheter and is detected by 
an arterial line producing a standard dilutional CO 
measurement. Systems such as PiCCO and LiDCO 
use thermodilution and lithium respectively as the 
indicators. Aside from cardiac output, stroke volume 
and systemic vascular resistance, other variables avail- 
able with PiCCO include global end diastolic volume 
(cardiac preload) and intrathoracic blood volume. 
Dynamic measures, using heart-lung interactions to 
predict fluid responsiveness, can also be widely deter- 
mined using beat to beat cardiac output monitoring. 


Oesophageal Doppler 


A Doppler ultrasound probe is placed in the oesopha- 
gus and directed to obtain a signal from the descending 
aorta. The signal obtained is displayed on the screen 
and indicates peak velocity and flow time. By making a 
number of assumptions about the nature of flow in the 
aorta, the cross-sectional area of the aorta (estimated 
from body surface area and age) and the percentage of 
CO passing down the thoracic aorta, SV and CO can 
be estimated. Trends in values and response to changes 
in therapy are more useful than absolute values. It is 
particularly useful for assessing response to fluid chal- 
lenges in patients who are sedated but requires precise 
positioning and is therefore operator dependent. 


Other Technologies 
Echocardiography 


Echocardiography is emerging as a very useful tool 
in the ICU, especially in the assessment of haemo- 
dynamics and response to therapeutic interventions. 
However, this often can prove challenging in the ICU 
setting. Focused echocardiography is used to assess 
myocardial activity, filling or the presence of a pericar- 
dial collection, for example in the peri-arrest period. 
Measurement of IVC diameter can be used to assess 
venous filling. It is likely that the use of echocardiogra- 
phy in critical care will increase. 


Ultrasound Imaging 


Ultrasound has an established role in venous and arte- 
rial access. It is also increasingly used by intensivists 
for the assessment of pleural collections (air and fluid), 
ascites, and joint effusions. Adequate training in this 
modality is essential. 

It remains a useful tool for diagnosis and bedside 
radiological interventions. 


ICP/Jugular Venous Saturation/Compressed 
Spectral Array/BIS 


Indications for ICP monitoring vary between units, but 
may include any cause of coma, commonly head injury 
and intracranial head injury. Types of monitoring may in- 
clude extradural fibreoptic probes, a subarachnoid screw, 
ventricular drain or intracerebral transducer. ICP moni- 
toring allows calculation of cerebral perfusion pressure; 
both variables can then be used to guide management. 


Jugular venous bulb oxygen saturation is an indirect 
indicator of cerebral oxygen utilization and provides 
a measure of global cerebral oxygenation. It involves 
a catheter being placed retrogradely up the internal 
jugular vein. 

Compressed spectral array and bispectral index 
(BIS) are computerized assessments of EEG signals, 
which allow depth of anaesthesia and sedation to 
be assessed. The former will allow seizure activity 
to be seen and the presence of burst suppression 
can be used to indicate a greater depth of anaes- 
thesia consistent with a reduced cerebral oxygen 
demand. 
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It is impossible to provide a comprehensive review of 
all the conditions requiring ICU care and their full 
treatment regimens in one chapter. The following 
sections are an overview of the management of some 
common problems presenting to ICU. 


The Respiratory System 


Respiratory failure is one of the commonest reasons 
for admission to the ICU (Table 45.3). It may be the 
primary reason for admission or a feature of a non- 
respiratory pathological process, e.g. adult respira- 
tory distress syndrome (ARDS) in sepsis. Respiratory 
failure may encompass hypoxaemia with a normal/ 
low PaCO, (type 1) or a combination of hypoxaemia 
and high PaCO, (type 2). 


Type 1 Respiratory Failure — PaO, <8 kPa with 
Normal/Low PaCO, 


Lung alveolar function is impaired in a number of 
pathological processes such as pneumonia, pulmo- 
nary oedema and ARDS. The combination of blood 
flowing through unventilated areas of lung results 
in ventilation—perfusion mismatch or ‘shunt. The 
resultant hypoxaemia is initially accompanied by 
hyperventilation, in a physiological bid to reduce 
CO, tension and increase arterial oxygen satura- 
tion. However, this can only usually be sustained 
for a limited period of time and progressive exhaus- 
tion ensues, with a concomitant rise in PaCO, and 
fall in PaO,. Respiratory arrest will occur without 
intervention. 
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TABLE 45.3 


Causes of Respiratory Failure 


Reduced central drive Brainstem injury/CVA 
Drug effects, e.g. opioids 


Metabolic encephalopathy 


Airway obstruction Tumour 
nfection 
Sleep apnoea 


Foreign body 


Asthma 
COPD 


Pneumonia 


Lung pathology 


Fibrosis 
ALI/ARDS 
Lung contusion 


Neuromuscular defects Spinal cord lesion 


Phrenic nerve disruption 
Myasthenia gravis 
Guillain-Barré syndrome 
Critical illness polyneuropathy 


Musculoskeletal Trauma 


Severe scoliosis 


Type 2 Respiratory Failure — PaO, <8 kPa and 
PaCO, >8 kPa 


This occurs when there is hypoxaemia and hypoventi- 
lation from a variety of causes, e.g. chronic obstructive 
pulmonary disease (COPD), reduced central respira- 
tory drive, neuromuscular conditions and chest wall 
deformity. Although the primary problem is hyper- 
capnia, which may eventually result in progressive 
carbon dioxide narcosis and respiratory arrest, there 
is typically accompanying hypoxia. The patient with 
COPD may have a chronically raised PaCO,, which is 
well tolerated. The associated reduction in respiratory 
centre sensitivity is not well understood. Such patients 
may rely on hypoxia to drive their ventilation and will 
deteriorate when given enough additional oxygen to 
correct their hypoxaemia. 


Assessment of the Patient with Respiratory Failure 


Clinical assessment is often the most rapid way to eval- 
uate the patient with respiratory failure (Table 45.4): 


= Can patient talk in sentences? 
m Are they awake and orientated? 
m What is the pulse, BP and respiratory rate? 
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TABLE 45.4 


Signs of Impending Respiratory Arrest 


Marked tachypnoea, or hypoventilation, patient exhausted 


Use of accessory muscles 


Cyanosis and desaturation, especially if on supplemental 
oxygen 


Tachycardia or bradycardia if peri-arrest 


Sweaty, peripherally cool/clammy 


Mental changes, confusion and leading to coma in extreme 
conditions 


m Is the patient using accessory muscles of 
respiration? 

= Can they cough effectively to clear secretions? 

m Are they clammy and sweating? 

m Do they appear exhausted? Exhaustion and 
impending respiratory failure that is likely to 
require ventilatory support is an end-of-bed 
diagnosis. 


A full history including previous functional status, 
and physical examination are mandatory. Serial arte- 
rial blood gases are required to determine the extent 
of the respiratory failure and response to any therapy. 
The chest X-ray and other available investigations 
such as peak flow will aid evaluation of the patient’s 
condition. 


Management of Respiratory Failure 


Management is directed at correcting hypoxia/ 
hypercarbia and reversing the underlying condition if 
possible. Simple manoeuvres such as supplying sup- 
plemental oxygen should be instituted initially. Give 
oxygen via facemask, preferably humidified. Higher 
concentrations of oxygen can be achieved with a res- 
ervoir system and a fixed performance device (e.g. 
Venturi) may be preferable in titrating oxygen concen- 
trations in those COPD patients who rely on hypoxia 
to drive their ventilation. The effect of oxygen therapy 
should be assessed by pulse oximetry and arterial 
blood gas analysis after around 30 min. 

Other therapies may be useful such as bronchodila- 
tors, steroids, diuretics and physiotherapy in the first 
instance depending on the mechanism of respiratory 
failure. Many patients may be dehydrated due to poor 
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Indications for Ventilatory Support 


Indications for ventilatory support in respiratory failure 
m Reduced conscious level 


m Exhaustion 
= Tachypnoea 
= Reduced Pao, despite increasing oxygen therapy 
= Increased Paco, 


m Acidosis 


m Cardiovascular instability 
= Tachycardia/bradycardia 
= Hypotension 


fluid intake and increased losses and will require IV 
fluids. If there is no improvement over time, additional 
respiratory support may be necessary (Table 45.5). 
Options include: 


Continuous Positive Airway Pressure (CPAP). CPAP 
is provided via a tightly fitting mask or hood. A high 
gas flow (greater than the patient’s peak inspiratory 
flow rate) is required to keep the positive pressure set 
by the expiratory valve (+5—-10 cmH,O) almost con- 
stant throughout the respiratory cycle. CPAP increases 
functional residual capacity (FRC), reduces alveolar 
collapse and improves oxygenation but it requires a 
co-operative patient, with no facial injuries. It does 
not generally help the patient with type 2 respiratory 
failure. There is a small risk of aspiration as a result of 
stomach distension. 


Non-Invasive Positive Pressure Ventilation (NIPPV 
or NIV). Non-invasive techniques have been success- 
fully used to treat acute exacerbations in patients 
with COPD, in the management of pulmonary oe- 
dema and as a weaning aid. Biphasic or bi-level posi- 
tive airway pressure (BiPAP or BPAP) is a common 
form where a set inspiratory pressure enhances the 
patient’s own respiratory effort to increase achievable 
tidal volume and the set expiratory pressure is analo- 
gous to CPAP. 

If the clinical condition continues to deteriorate 
in conjunction with worsening arterial blood gases 
in a patient with potentially reversible pulmonary 
disease, then invasive mechanical ventilation will be 
necessary. 


Mechanical Ventilation 


The usual indication for mechanical ventilation is in 
patients with potentially reversible pathology who are 
unable to maintain adequate oxygenation or who de- 
velop hypercapnia. In some cases, blood gases may be 
normal but are predicted to deteriorate because the 
patient is becoming exhausted. 


Tracheal Intubation. To enable mechanical ventila- 
tion to be carried out effectively, a cuffed tube must 
be placed in the trachea either via the mouth or nose, 
or directly through a tracheostomy stoma. In the 
emergency situation, an orotracheal tube is usually in- 
serted. If the patient is conscious, anaesthesia should 
be induced carefully with an appropriate dose of an 
iv. anaesthetic induction agent and neuromuscular 
blocker. The full range of adjuncts for difficult intuba- 
tion should be available. 

The critically ill patient is often exquisitely sensitive 
to i.v. anaesthetic drugs, and cardiovascular collapse 
may occur; consequently, full resuscitation equipment 
must be immediately available. I.v. fluid resuscitation 
and vasoactive drug infusions are often required. 

If the patient is unconscious, a neuromuscular 
blocker alone may be necessary (but not obligatory) 
to facilitate the passage of the tube; however, an i.v. 
anaesthetic induction agent and neuromuscular 
blocker should always be used in patients with severe 
head injury to prevent an increase in intracranial 
pressure (ICP) during laryngoscopy and tracheal 
intubation. 

Many patients are hypoxaemic, and it is essential 
that 100% oxygen is administered before tracheal 
intubation. 


m After neuromuscular blockade has been pro- 
duced, the tube should be inserted by the route 
which is associated with the least delay. 

= If the patient is unconscious and the victim of 
blunt trauma, when cervical spine injury is a 
possibility, the cervical spine should be immo- 
bilized during intubation using manual in-line 
immobilization. 

m Cricoid pressure should be applied to minimize 
the risk of aspirating gastric contents. 

= A sterile, disposable plastic tube with a low- 
pressure cuff should be used. The tube should 
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be inserted such that the top of the cuff lies not 
more than 3cm below the vocal cords. 

m The head should be placed in a neutral or slightly 
flexed position (on one pillow) after tracheal in- 
tubation and a chest X-ray taken to ensure that 
the tip of the tube lies at least 5cm above the 
carina. 


Bronchial intubation is a common complication 
during mechanical ventilation as the tracheal tube may 
migrate down the trachea when the patient is moved 
during normal nursing procedures. Intubation of the 
right main bronchus cannot be detected reliably by ob- 
servation of chest movements or by auscultation of the 
chest because of the exaggerated transmission of breath 
sounds during IPPV, although absent or asynchronous 
chest movement may occur when pulmonary collapse 
has taken place. Bronchial intubation is one of the 
causes of a sudden decrease in compliance, and restless- 
ness and coughing often occur if the end of the tube 
irritates the carina. If this is suspected, the tube should 
be withdrawn gradually by up to 5 cm while lung com- 
pliance and chest expansion are observed carefully. 
The position of the tube should always be confirmed 
by a chest radiograph. 

When the upper airway or larynx is obstructed and 
conventional tracheal intubation is not possible (e.g. 
occasional cases of epiglottitis or laryngeal trauma), 
the emergency airway of choice is cricothyroidotomy. 

Tracheostomy is increasingly performed percutane- 
ously on the ICU and is most frequently an elective 
decision. Indications include: 


m to maintain the airway, e.g. reduced level of con- 
sciousness, upper-airway obstruction 

m to protect the airway, e.g. bulbar palsy, brain injury 

= for bronchial toilet, e.g. excessive secretions/ 
inadequate cough 

= for weaning from IPPV, e.g. patient comfort, re- 
duction of sedation. 


The recently completed Tracman study confirmed 
no clear benefit from early compared with delayed 
performance of tracheostomy. 


Sedation and Analgesia. Once tracheal intubation 
has been performed, some amount of sedative drugs 
will be required to tolerate the tube and facilitate ef- 
fective mechanical ventilation. The balance between 
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TABLE 45.6 


Problems and Potential Consequences of 
Excessive Sedation in ICU 


Problem Potential consequence 


Accumulation with prolonged Delayed weaning from 


infusion supportive care 


Detrimental effect on Increased requirement for 


cardiovascular system vasoactive drugs 


Detrimental effect on Increased VQ mismatch 


pulmonary function 


Tolerance Withdrawal on stopping 
sedation 
No REM sleep Sleep deprivation and ICU 


psychosis 


Reduced intestinal motility Impairment of enteral 


feeding 


Potential effects on immune/ Drugs such as opioids 


endocrine function may have a role in 
immunomodulation and 


risk of infection 


Adverse effects of specific e.g. propofol infusion 


drugs 


syndrome, with 
cardiovascular collapse 


providing adequate sedation to permit patient co- 
operation with organ system support and overseda- 
tion, which leads to a number of detrimental effects 
(Table 45.6) is often difficult. The aims of sedation 
include patient comfort and analgesia, minimizing 
anxiety, and to allow a calm co-operative patient who 
is able to sleep when undisturbed and able to toler- 
ate appropriate organ support. Patients must not be 
paralysed and awake but the efficiency of supportive 
care will be reduced in the patient who is agitated and 
distressed. Clearly the patient’s needs for sedation will 
alter with changes in clinical condition and require- 
ments for care, so regular review and sedation scoring 
are helpful (Table 45.7). 


An Overview of Modes of Ventilation 


Different manufacturers used different terms for basi- 
cally similar modes of ventilation which often cause 
confusion for the inexperienced. 


Volume Controlled Ventilation. The simplest form of 
volume controlled ventilation is controlled mandatory 


TABLE 45.7 


Sedation Scoring Using the Ramsay Sedation Scale 


Ramsay Sedation Scale 

1. Patient anxious, agitated or restless 

2. Patient co-operative, orientated and tranquil 
3. Patient responds to commands only 
4 


. Patient exhibits brisk response to light forehead tap or loud 
auditory stimulus 


5. Patient exhibits sluggish response to light forehead tap or 
loud auditory stimulus 


6. Patient exhibits no response 


ventilation (CMV). The patient’s lungs are ventilated 
at a preset tidal volume and rate (for example, tidal 
volume 500 mL and rate 12 breaths min™'). The tidal 
volume delivered is therefore predetermined and the 
peak pressure required to deliver this volume varies 
depending upon other ventilator settings and the pa- 
tient’s pulmonary compliance. A major disadvantage 
of CMV is that high peak airway pressures may re- 
sult and this can lead to lung damage or barotrauma. 
Therefore it is only really suitable for patients who are 
heavily sedated and/or paralysed and who are making 
no respiratory effort. 


Pressure Controlled Ventilation. Pressure controlled 
modes of ventilation are commonly used, and are pre- 
ferred in patients with poor pulmonary compliance. 
A peak inspiratory pressure is set and so tidal volume 
delivered is a function of the peak pressure, the in- 
spiratory time and the patient’s compliance. By using 
lower peak pressures and slightly longer inspiratory 
times the risks of barotrauma can be reduced. As the 
patient’s condition improves and lung compliance in- 
creases, the tidal volume achieved for the same settings 
will increase and the inspiratory pressure can there- 
fore be reduced. Biphasic or bi-level positive airway 
pressure (BIPAP) is a variation of pressure controlled 
ventilation which permits spontaneous breaths by the 
patient at all times during the ventilator cycle. 


Synchronized Intermittent Mandatory Ventilation 
(SIMV). Modes of ventilation have been developed 
which allow preservation of the patient’s own respira- 
tory efforts by detecting an attempt by the patient to 
breathe in and synchronizing the mechanical breath 


with spontaneous inspiration; this technique is termed 
synchronized intermittent mandatory ventilation 
(SIMV). If no attempt at inspiration is detected over 
a period of some seconds then a mandatory breath is 
delivered to ensure that a safe total minute volume is 
provided. 


Pressure Support Ventilation (PSV)/Assisted 
Spontaneous Breathing (ASB). Breathing through a 
ventilator can be difficult because respiratory muscles 
may be weak and ventilator circuits and tracheal tubes 
provide significant resistance to breathing. During 
PSV the ventilator senses a spontaneous breath and 
augments it by addition of positive pressure. This re- 
duces the patient’s work of breathing and increases the 
tidal volume. Pressure support is usually set at 15-20 
cmH,0O in the first instance and can be reduced as 
the patient’s condition improves. It is best not to 
remove pressure support completely, however, be- 
cause of the internal resistance of the ventilator and 
its connections. SIMV and PSV require a method of 
detecting the patient’s own respiratory effort, in order 
to trigger the appropriate ventilator response. This is 
achieved by flow sensors detecting small changes in gas 
flow within the circuit. 


Positive End Expiratory Pressure (PEEP). PEEP has 
the advantage of alveolar recruitment and mainte- 
nance of functional residual capacity, which will im- 
prove lung compliance. Some patients, e.g. those with 
expiratory airflow limitation can develop air trapping 
and a degree of so-called ‘intrinsic PEEP. Modern 
ventilators are capable of calculating this and it is im- 
portant to consider it when setting levels of externally 
applied extrinsic PEEP in this subset of patients, as 
there is a potential risk of sustained lung hyperinfla- 
tion if external PEEP is set above the level of intrinsic 
PEEP. While PEEP is beneficial for the vast majority of 
mechanically ventilated patients, it can reduce venous 
return and cardiac output so caution must be exercised 
at higher levels. 


Problems Associated with Mechanical Ventilation 


Once the patient’s trachea is intubated and lungs ven- 
tilated they are crucially dependent on technology 
to avoid hypoxaemia and hypercarbia. Other impor- 
tant aspects of care include; humidification of gases, 
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regular physiotherapy and tracheal toilet and con- 
tinuous monitoring of SpO,, end-tidal CO,, inspired 
O, concentration, minute volume, and peak airway 
pressure. 

Other constant risks include: tracheal tube dis- 
lodgement and difficult re-intubation, laryngeal/ 
tracheal damage with prolonged intubation, ventilator 
associated pneumonia (see below), needs for sedation, 
and the haemodynamic effects of positive pressure 
ventilation and PEEP. 

Ventilator associated lung injury (VALI) encom- 
passes a number of components including barotrauma 
where high pressures are applied to the airway, espe- 
cially if lung compliance is reduced. This may result 
in clinically obvious damage like pneumothorax, 
pneumomediastinum, pneumoperitoneum and sub- 
cutaneous emphysema. Volume trauma may occur 
if excessive tidal volumes are applied and the clinical 
manifestations are similar to barotrauma. In addition 
there is considerable experimental evidence for less 
clinically obvious damage to the lung microstructure 
even with lower tidal volume positive pressure ventila- 
tion, with release of cytokines and other markers of in- 
flammation. There is some evidence that such trauma 
to the lungs may cause systemic inflammation and 
have a role in the development of lung damage and 
multi-organ failure. 


Problem Solving in Ventilated Patients 


The first priorities are to exclude and, if necessary, 
correct hypoxaemia or hypercapnia and to detect any 
adverse effects or complications of ventilation. When 
a problem arises, consider whether the underlying is- 
sue is related to the ventilator (by manually ‘bagging’ 
the patient, the ventilator can effectively be excluded), 
an equipment issue, e.g. function/position/blockage 
of the tracheal tube or is the problem related to the 
patient’s pathophysiology? Is there progression of the 
lung problem, e.g. ARDS or development of a new 
problem, e.g. pneumothorax or bronchospasm? When 
the problem has been identified, correct manage- 
ment will rectify the situation and is often directed at 
changes in ventilatory settings and sedation. 


Ventilation Strategies. The concept of ventilator- 
induced lung injury by overdistension, shear stress injury 
and oxygen toxicity has been increasingly recognized 
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over the past few years and a number of strategies have 
been put into place to reduce such damage: 


= Limiting peak pressure to 35 cmH,0O. 

= Limiting tidal volume to 6 mL kg". 

m Acceptance of higher than normal PaCO, levels 
(6-8 kPa), so-called ‘permissive hypercapnia’. 

m Acceptance of PaO, 7-8 kPa, SaO, >90%. 

m Use of higher levels of PEEP to improve alveolar 
recruitment. 

= Use of longer inspiratory times. 

= Use of ventilation modes which allow and sup- 
port spontaneous respiratory effort. 

m The acceptable threshold for such values is not 
known and has to be considered on an individual 
patient basis. 


Other Aspects of Ventilation 


In view of the above problems, interest is increasing 
around other forms of ventilation and adjuncts that 
improve oxygenation and CO, clearance. Examples 
include high frequency oscillation, use of the prone 
position, nitric oxide and extracorporeal membrane 
oxygenation. 


High-Frequency Oscillation. In patients with poor 
compliance, high frequency oscillatory ventilation is 
a means of reducing transpulmonary pressure while 
providing adequate gas exchange. Small tidal volumes 
(lower than deadspace) are generated by an oscillat- 
ing a diaphragm across the open airway resulting 
in a sinusoidal or square gas flow pattern. Peak air- 
way pressure is reduced but mean airway pressure is 
increased allowing for alveolar recruitment and im- 
proved oxygenation. Oxygenation certainly improves, 
but outcomes are currently under study. 


Prone Positioning. Another strategy to improve ven- 
tilation is to place the patient in the prone position. 
Recent work has suggested that the improvement 
is related to changes in regional pleural pressure. 
This may result partly from the decreased volume 
of lung compressed by the mediastinal structures 
when in the prone position. In the prone position, 
pleural pressure becomes more uniform and reduces 
ventilation—perfusion mismatch. The technique is 
very labour-intensive; four people are needed to turn 


the patient and great care is required to ensure that 
the airway and vascular catheters/cannulae are not 
dislodged. A recent multicentre European trial has 
shown that although oxygenation is improved in re- 
sponders, the effect does not result in improved sur- 
vival to discharge. 


Nitric Oxide. Nitric oxide (NO) is an ultra-short- 
acting pulmonary vasodilator. When added to the 
respiratory gases (5—20 parts per million), it is deliv- 
ered preferentially to the recruited alveoli and results 
in pulmonary vasodilation in areas of well venti- 
lated lung. Blood is diverted away from poorly ven- 
tilated areas and ventilation—perfusion mismatch is 
reduced. It is rapidly inactivated by haemoglobin and 
so vasodilator effects are limited to the pulmonary 
circulation. 

NO at high concentrations (>100 ppm) is highly 
reactive and toxic, and the delivery system used must 
conform to rigid safety standards. The dose used 
should be the lowest which is effective in achieving a 
20% improvement in PaO,:FiO, ratio. The concentra- 
tion of methaemoglobin in the blood and the inspired 
nitrogen dioxide concentration must be measured. 
NO therapy is expensive and potentially dangerous. It 
improves oxygenation in the short term in about 50% 
of patients but the effect is often transient and no out- 
come benefits have been shown in clinical trials. 


Extracorporeal Membrane Oxygenation. Extracor- 
poreal membrane oxygenation (ECMO) is a possible 
final option if other conventional techniques of pro- 
viding ventilatory support have failed. Partial car- 
diopulmonary venovenous bypass is initiated using 
heparin-bonded vascular catheters, and extracorporeal 
oxygenation and carbon dioxide removal are achieved 
using a membrane oxygenator. A low-volume, low- 
pressure, low-frequency regimen of ventilation is con- 
tinued to allow the lungs to recover. Results of a recent 
trial (CESAR) appear favourable in selected patients 
but the trial design has been subject to criticism 
and in the UK the availability of ECMO in adults is 
limited to very few centres, so the additional risks, 
benefits and timing of transfer of the severely hypox- 
aemic patient must be considered. Smaller more por- 
table lung assist devices are under evaluation and may 
be available for use in the future. 


Weaning from Mechanical Ventilation 


Weaning is the process by which the patient’s depen- 
dence on mechanical ventilation is gradually reduced 
to the point where spontaneous breathing sufficient to 
meet metabolic needs is sustained. Because of the ad- 
verse effects of mechanical ventilation, weaning should 
be undertaken at the earliest opportunity and the deci- 
sion to commence weaning is based largely on clinical 
judgement. 

Ideally, before weaning, the condition requiring 
mechanical ventilation should have resolved and a pa- 
tient should: 


m Be awake and co-operative with intact neuro- 
muscular and bulbar function 

m Have stable cardiovascular function with mini- 
mal requirements for inotropic or vasopressor 
drugs 

m Not have a marked ongoing respiratory meta- 
bolic acidosis 

= Have inspired oxygen requirements <50% 

= Be able to generate a vital capacity 10 mL kg", 
tidal volumes >5 mL kg“ and a negative inspira- 
tory pressure >20 cmH,O 

= Have low sputum production and be able to gen- 
erate a good cough 

m Have adequate nutritional status. 


Weaning is a dynamic process and will involve re- 
duction in level of ventilatory support. Pressure sup- 
port ventilation (PSV) and synchronized intermittent 
mandatory ventilation (SIMV) are the most com- 
monly used ventilatory modes and these techniques 
are forms of partial ventilatory support. The degree 
of support should be gradually weaned so that the pa- 
tient contributes increasingly to the work of breath- 
ing. Introduction of ventilator independence can be 
rapid, e.g. a T-piece trial. This involves allowing the 
patient to breath spontaneously through a T-piece 
circuit, ideally for 30 minutes up to a maximum of 
2 hours. If successful the patient can be extubated, and 
if not a repeat trial can be performed on a daily basis. 
A gradual form of weaning is to allow a short period 
of spontaneous breathing without ventilatory assis- 
tance (e.g. initially 1 to 5 minutes) with close observa- 
tion and monitoring of the patient. The duration and 
frequency of these trials is increased as the patient’s 
condition improves. 
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It may take from a few hours to several weeks be- 
fore total independence from ventilatory support is 
achieved. Weaning may also be facilitated by the use 
of a tracheostomy tube, which has the advantage of 
reducing dead space and allowing sedation to be dis- 
continued, as they are much better tolerated than a 
translaryngeal tube. Patients with a tracheostomy and 
CPAP or partial ventilatory support may be suitable to 
be stepped down from an ICU to a suitable location 
(e.g. HDU). 


Outcomes from Lung Injury Requiring 
Prolonged IPPV 


While no specific intervention has been shown to pro- 
vide a clear benefit in the treatment of ALI and ARDS, 
there appears to be a trend towards increasing survival 
rates over the past few years. The mortality from ARDS 
varies widely in the literature and between countries. 
In the UK mortality approximates to 35-40%, but 
recognition that lower tidal volume ventilation and 
avoidance of VALI, as well as more general measures 
such as bundling of care, restrictive transfusion pro- 
tocols, early antibiotic administration and nutritional 
support may all play a part in enhancing survival. Of 
those that survive, significant functional impairment 
often persists (severe disease and duration of mechan- 
ical ventilation are predictors of persistent abnormal 
lung function). Reduced exercise capacity, inability to 
return to work and health-related quality of life sig- 
nificantly below normal are common problems in 
survivors. 


Cardiovascular System 
Shock 


Many intensive care patients will require support of 
the cardiovascular system at some time. Failure of the 
cardiovascular system to deliver an adequate supply 
of oxygenated blood to organs and tissues results in 
shock, which if unchecked will result in organ failure 
and death. Shock often accompanies conditions such 
as sepsis, multiple trauma and pneumonia and so is 
often found in ICU patients. 

Common mechanisms of tissue underperfusion 
include: hypovolaemia (e.g. haemorrhage and burns), 
septic shock, cardiogenic shock, e.g. myocardial in- 
farction and other rarer causes, e.g. anaphylaxis, neu- 
rogenic shock and adrenocortical insufficiency. There 
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may be many elements contributing to shock in an 
individual patient and common features include hy- 
potension, tachycardia, oliguria, increased serum lac- 
tate and metabolic acidosis. As initial compensatory 
mechanisms fail, multiple organ dysfunction ensues, 
and renal failure and ARDS are common. Hepatic, gas- 
trointestinal, pancreatic impairment and disseminated 
intravascular coagulation may occur. 
Management should be directed at: 


treatment of the underlying pathology 
optimization of circulating blood volume 
optimization of cardiac output 
optimization of blood pressure 
restoration of vascular tone 

optimization of oxygen delivery 

support of any organ failure. 


Basic Applied Cardiovascular Physiology 


Monitoring the cardiovascular system plays a key role 
in optimization and support and allows guidance to- 
wards provision of the all important balance between 
oxygen delivery and oxygen consumption. 

Oxygen delivery can be calculated from the mul- 
tiple of cardiac output and arterial oxygen content. 
Arterial oxygen content is determined by arterial 
oxygen saturation and haemoglobin concentration. 
Oxygen consumption is the total amount of oxygen 
consumed by the tissues. The difference between the 
amount of oxygen carried to the tissues (arterial oxy- 
gen delivery) and the amount of oxygen returned to 
the heart (venous oxygen delivery) indicates the total 
amount of oxygen consumed by the tissues. Mixed 
venous oxygen saturation reflects the amount of 
oxygen returning to the pulmonary capillaries, since 
it was not used by the tissues to support metabolic 
function. The pulmonary artery is the site where 
SvO, values should be measured. It is important to 
sample only at this site to allow for adequate mix- 
ing of blood from the superior and inferior vena 
cavae and coronary sinus. Controversies exist as to 
whether SVC venous oxygen saturation can be used 
as a surrogate for SvO, and although it mainly re- 
flects oxygen supply and demand from the head and 
neck and upper extremities, it correlates reasonably 
well with the SvO,, without the need for pulmonary 
artery catheterization. 


If the SvO, is in the normal range (60-80%), then 
the clinician may assume that there is adequate tissue 
perfusion. If the SvO, falls below 60%, a decrease in 
oxygen delivery and/or an increase in oxygen con- 
sumption has occurred. If the SvO, is elevated above 
80%, an increase in oxygen supply and/or a decrease 
in demand has occurred. An increase in oxygen deliv- 
ery can be caused by an increased FiO,, Hb, or CO. A 
decrease in oxygen consumption can be seen in hypo- 
thermic states or in patients who are anaesthetized, 
mechanically ventilated or paralysed. In sepsis, oxygen 
uptake into the tissues may be decreased. 

The volume of oxygen carried by 1 g of haemoglo- 
bin is 1.34mL. 

O, Delivery: 


DO, = cardiac output x arterial O, content 
= cardiac output x [(SaO, x Hbx1.34) 

+ (dissolved O, )] 

850—1200 mL min” 


O, Consumption: 


VO, = cardiac output x (arterial O, content 
— mixed venous O, content) 


240-270 mL min` 


Therefore, it can be seen that sufficient oxygen de- 
livery can be achieved with good oxygen saturation, 
haemoglobin concentration 80-100 g L“ and an ad- 
equate cardiac output. 

Cardiac output is the product of heart rate and stroke 
volume. Cardiac index is the cardiac output referenced 
to the patient’s body surface area. In health there is little 
fluctuation of cardiac output within the normal range of 
heart rate (60-160 beats per min.). However the critically 
ill, especially those with pre-existing heart disease and the 
elderly, tolerate extremes of heart rate much less well. 

At low heart rates, cardiac output falls as a func- 
tion of reduced heart rate, despite the maintenance of 
stroke volume. 

Tachycardia results in reduced available time for the 
ventricles to fill and a subsequent fall in stroke volume. 
With an increase in heart rate, myocardial consump- 
tion also increases and this, coupled with reduced dia- 
stolic coronary artery perfusion, can lead to significant 
myocardial ischaemia. 


Stroke volume is the amount of blood ejected with 
each heartbeat and is determined by preload, contrac- 
tility and afterload. 

Preload is the pressure that stretches the cardiomyo- 
cytes of the right or left ventricle before contraction. It 
reflects venous return or the extent of ventricular fill- 
ing and depends on venous tone, circulating volume 
and the extent of ventricular relaxation. According to 
the Frank—Starling law of the heart, the force of myo- 
cardial contraction is proportional to the degree of 
ventricular filling, up to a point when over-stretch of 
the ventricle may result in a fall in stroke volume and 
heart failure will subsequently develop. 

Afterload is the tension developed in the wall of the 
ventricle during ejection, i.e. the pressure required to 
eject blood from the left ventricle. The term afterload is 
sometimes confused with systemic vascular resistance, 
which is the overall resistance to flow in the systemic 
circulation. Afterload is determined by the degree of 
vasomotor tone, the elasticity of the arterial tree and 
the presence of valvular stenosis or arterial disease. 
Afterload is usually high in compensated cardiogenic 
shock or heart failure, and low in sepsis and high spi- 
nal cord injury. 

Contractility is the intrinsic force generated by the 
myocardium, independent of preload and afterload. 


Optimization of the Cardiovascular Status 

The key aim in improving a patient’s haemodynamic 
status is optimal cardiac output and oxygen delivery to 
allow adequate organ perfusion. The precise manage- 
ment of shock is beyond the scope of this chapter but 
a rational approach includes ensuring optimal filling 
status initially (a dynamic form of monitoring may 
be best — see above). If blood pressure, urine output, 
tissue perfusion and other measures of cardiac out- 
put still remain low, positive inotropic or vasopressor 
drugs may be required. These should be started at low 
doses and titrated to effect. There is little evidence base 
to recommend one drug regimen over another and ad- 
verse effects can arise with all agents so caution should 
be exercised. 

If the predominant problem is thought to be loss 
of systemic vascular resistance due to sepsis or other 
causes then it is logical to start with a vasoconstrictor 
to increase arterial pressure. Common agents include 
noradrenaline and phenylephrine, which both act on 
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TABLE 45.8 


Positive Inotropic Drugs Commonly Used in ICU 


Drug Mode of Action 


Dobutamine Increases contractility, and 


produces peripheral vasodilatation. 


Dopexamine Vasodilator at low doses, with 
reflex tachycardia. Positive 
inotropic effects seen at higher 


doses. 


Dopamine Vasodilatation at low doses 
via dopamine receptors. At 
higher doses, inotropic and 


vasoconstrictor effects appear. 


Adrenaline Positive inotropic and 


vasoconstrictor effects. 


Milrinone, Enoximone Positive inotropic and vasodilator 
effects by inhibition of 


phosphodiesterase enzymes. 


Levosimendan Positive inotrope which increases 


myocardial response to calcium. 


a, receptors. Vasopressin is often given as second line 
to help restore vascular reactivity and tone. If cardiac 
contractility is thought to be a problem then a positive 
inotrope is used. The vasodilatation produced by some 
agents may be beneficial in the presence of a high sys- 
temic vascular resistance which is seen in cardiogenic 
shock. 

Examples of positive inotropes can be found in 
Table 45.8 and further details are found in Chapter 8. 
Initiation of these drugs requires central venous ac- 
cess, although low dose phenylephrine can be infused 
through a peripheral cannula. 

Cardiac rhythm disturbances are common in ICU 
patients. Ensure that general resuscitation measures 
are adequate and treat any electrolyte disturbances 
(especially of potassium and magnesium). Specific 
treatment may be required, e.g. amiodarone or digoxin 
for supraventricular tachycardia (see Ch 8). Other car- 
diovascular conditions to consider include myocardial 
ischaemia, cardiac failure and cardiogenic shock. 


Outcome from Shock States 


Mortality from all causes of shock remains high (ap- 
prox 60% if associated with established multiple or- 
gan failure) and the effects of tissue hypoperfusion can 
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persist in the longer term. Vasomotor regulation usu- 
ally returns to normal quickly, but cardiomyopathy is a 
well reported feature of septic shock and the non infec- 
tious systemic inflammatory response syndrome can 
also give rise to a similar entity. The aetiology is mul- 
tifactorial and includes mediators such as cytokines 
and nitric oxide in the presence of ischaemia. Those 
patients recovering from critical illness, are often ren- 
dered immobile for prolonged periods and cardiac 
muscle can atrophy resulting in deconditioning and 
a reduced cardiovascular response to physical activity. 


Gastrointestinal System 


The gastroinestinal tract is important in the patho- 
physiology of critical illness. Not only is it a common 
site for surgical intervention and a frequent source of 
intra-abdominal sepsis, the gut is a large ‘third space’ 
for fluid loss within the lumen of the gut and may also 
act as a bed for altered blood flow (AV shunting) dur- 
ing shock states. It can become a reservoir for bacteria 
and endotoxins which may translocate into the portal, 
lymphatic and systemic circulations, producing the 
systemic inflammatory response syndrome, sepsis and 
multiorgan failure, particularly during periods of al- 
tered blood flow. 

Micro-organisms from the gut can also colonize 
and infect the respiratory tract, and the gastrointesti- 
nal tract itself can be a site for secondary nosocomial 
infections, e.g. clostridium difficile colitis. The main- 
tenance of gastrointestinal integrity and function is 
therefore of major importance during critical illness 
and adequate splanchnic blood flow is thought to be 
crucial. Early resuscitation in shock states is essen- 
tial and both volume resuscitation and vasopressors 
should be used early to aid perfusion pressure. In those 
patients who are adequately resuscitated, early enteral 
nutrition may also be of value in helping to preserve 
mucosal integrity and gastrointestinal function. 


Manifestations of Gastrointestinal Tract Failure 


Gastrointestinal tract failure may present in a number 
of ways: delayed gastric emptying and failure to absorb 
feed, ileus, pseudo-obstruction, diarrhoea, stress ulcer- 
ation, gastrointestinal haemorrhage and ischaemia. All 
of these may indicate impending or established failure. 
In addition, acalculous cholecystitis, liver dysfunction 
and systemic inflammatory response syndrome are 


seen. Investigation of such dysfunction should in the 
first instance exclude potential remediable abdominal 
pathology, which often requires the need for imaging, 
radiological drainage or surgical exploration (e.g. ab- 
scesses, ischaemic bowel, peritonitis). 


Nutrition 


It is important to provide adequate nutrition dur- 
ing critical illness, especially as many patients are 
likely to be already nutritionally deficient from pre- 
existing illness. When providing nutritional support, 
estimation of energy and nitrogen requirements are 
made to attenuate the negative effects of the cata- 
bolic phase. However, it is generally accepted that 
underfeeding is better than overfeeding in terms of 
mortality, but failure to provide at least 25% of cal- 
culated requirements results in greater risk of infec- 
tion and death. 

Vitamins, minerals and trace elements are essential 
for health. Water and fat soluble vitamins are provided 
in commercially available preparations while folic acid 
and vitamin B,, need to be prescribed independently. 
Trace elements and minerals such as calcium, magne- 
sium and iron can also be added according to need. 

Glutamine, arginine, fish oils, selenium and a 
variety of anti-oxidants have been the focus of re- 
search into immuno-nutrition. Currently there is no 
clear evidence for an improved outcome (many of 
the studies involved administration of a cocktail of 
combined substrates) and some substances may only 
be of benefit in specific patient sub-groups, with as- 
sociated higher mortality in alternative groups of 
patients. 

It is usually accepted practice to initiate enteral 
feeding early, although in the resuscitative phase of 
critical illness, nutrients may not be utilized efficiently. 
Enteral feeding should be considered before the par- 
enteral route, but can be associated with significant 
complications, e.g. under-nutrition and high gastric 
aspirates. Prokinetic drugs (metoclopramide, erythro- 
mycin) and the use of a head-up tilt will promote gas- 
tric emptying. Diarrhoea can be a problem and the use 
of pre- and probiotics may help normalize gut flora. 
There is a risk of aspiration with enteral feeding and 
recently there has been increased use of post-pyloric 
feeding; there is no strong evidence that this reduces 
aspiration. 


Parenteral Feeding. If enteral feeding is contraindi- 
cated, e.g. for surgical reasons, or cannot be estab- 
lished successfully, then parenteral (i.v.) feeding is 
initiated. It requires dedicated central venous access 
and advice from the nutrition team, so that compli- 
cations relating to overfeeding, hyperglycaemia, hy- 
pertriglyceridaemia, uraemia, metabolic acidosis and 
electrolyte imbalance can be avoided. Hepatobiliary 
dysfunction (including derangement of liver enzymes 
and fatty infiltration of the liver) may also occur and 
is usually caused by the patient’s underlying condition 
and overfeeding. 


Refeeding Syndrome. Refeeding syndrome results 
from shifts in fluid and electrolytes that may occur 
when a chronically malnourished patient receives arti- 
ficial feeding, either parenterally or enterally. It results 
in hypophosphataemia, but may also feature abnor- 
mal sodium and fluid balance as well as changes in 
glucose, protein and fat metabolism and is potentially 
fatal. Thiamine deficiency, hypokalaemia and hypo- 
magnesaemia may also be present. Patients at high risk 
include those chronically undernourished and those 
who have had little or no energy intake for more than 
10 days. Ideally these patients require refeeding at an 
initially low level of energy replacement alongside 
vitamin supplementation. 


Stress Ulcer Prophylaxis. Early enteral feeding pro- 
motes and maintains gastric mucosal blood flow, pro- 
vides essential nutrients to the mucosa and reduces the 
incidence of stress ulcers. If enteral feeding cannot be 
established, alternative prophylactic measures need to 
be prescribed, commonly ranitidine or omeprazole. 


Blood Glucose. Modest (not tight) glucose control is 
advocated for ICU patients and this is usually achieved 
by an infusion of insulin running alongside a dextrose- 
based infusion, to allow titration of blood glucose con- 
centrations. High blood glucose worsens outcomes in 
brain injury and cardiac ischaemia. However, a recent 
large study has shown that a regimen of tight glycae- 
mic control results in a worse outcome, thought to 
be primarily due to high rates of significant hypogly- 
caemia. Greater emphasis should probably be placed 
on avoiding glucose variability and easier continuous 
bedside blood glucose monitoring. 
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Outcomes of Gastrointestinal Failure 


Gut function usually returns to normal unless there 
is a surgical problem, e.g. ischaemia or obstruction. 
Ileus and subacute (pseudo) obstruction, constipation 
and diarrhoea are common and it may take a number 
of days for gut function to return to normal. 


Fluid Balance 


Ensuring adequate fluid balance is a fundamental re- 
quirement in treating the critically ill patient. Normal 
approximate intake in a 70kg man is 1500mL from 
liquid, 750 mL in food and 250mL from metabolism. 
In health, output matches input, with insensible losses 
accounting for approximately 500 mL. In addition to 
providing adequate water, electrolytes should be re- 
placed: normal daily sodium and potassium require- 
ments are 50-100 mmol per day and 40-80 mmol per 
day, respectively. A typical maintenance regime might 
be based on a balanced salt solution, e.g. Hartmann’s, 
as longer term administration of 0.9% saline can result 
in hyperchloraemic acidosis. 

Fluid balance is almost invariably disturbed in 
the critically ill patient. Common causes include- 
widespread capillary leak associated with sepsis and 
inflammatory conditions leading to peripheral and 
pulmonary oedema, gastrointestinal dysfunction, 
fluid sequestration and diarrhoea. Fluid losses occur 
from burns, fistulae and wounds while increased in- 
sensible losses are associated with pyrexia and poor 
humidification of inspired ventilator gases. High uri- 
nary output states such as diabetes insipidus will also 
result in water loss. Therefore fluid and electrolyte re- 
placement should be dictated by the underlying clini- 
cal condition, the overall fluid balance and the serum 
biochemistry. 

Colloids are often preferred to crystalloids when 
rapid resuscitation, rather than maintenance is re- 
quired, as a greater proportion remains in the intra- 
vascular space following infusion. The SAFE study 
showed no difference in 28-day outcome of patients 
admitted to ICU and who were given either albumin 
or 0.9% saline for fluid resuscitation. Albumin is now 
used less for volume expansion compared to the rela- 
tively cheaper synthetic colloids. However, colloids are 
associated with an increased incidence of adverse re- 
actions and interference with renal function and co- 
agulation. Blood and blood products should be used 
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in cases of haemorrhage and coagulopathy, guided by 
local policy and senior advice. 


Renal Dysfunction 


Renal dysfunction is common in ICU and the cause 
is often multifactorial. Pre-existing renal disease may 
be worsened by the patient’s new pathology, and some 
nephrotoxic drugs are still used in ICU. This sec- 
tion will deal predominantly with new onset renal 
dysfunction. 

Acute kidney injury is defined as an abrupt (within 
48 hours) reduction in kidney function, with the di- 
agnosis made on the specific changes from baseline in 
patients who have achieved an optimal state of hydra- 
tion (Table 45.9). 

This classification takes into account the signifi- 
cance of even small increases in serum creatinine, 
given the recognized associated adverse outcomes. 
When managing a patient with acute kidney injury, 
focus the history and examination to distinguish 
potential causes (Table 45.10). These are classically 
distinguished as prerenal, renal and postrenal causes, 
although in many patients the cause of acute kidney 
injury is multifactorial. A sudden cessation of urine 
output should be assumed to be caused by obstruc- 
tion until proved otherwise. Ensure the patient is 
adequately hydrated. 

In most cases of AKI the primary cause is prer- 
enal, but up to 10% of cases will have other significant 
pathologies. Serial U & Es are essential, while urine 
tests can be helpful (unless the patient has received 


TABLE 45.9 


Diagnosis of Acute Kidney Injury 


Serum Creatinine Urine Output 


AKI Stage Criteria Criteria 

1 Increase in serum <0.5mL kg" h” 
creatinine for >6h 
>0.3 mg dL" or 
Increase to >150-200% 
from baseline 

2 Increase in serum <0.5mL kg" h” 
creatinine for >12h 
>200-300% from 
baseline 

3 Increase in serum <0.3 mL kg" h” 
creatinine to for 24h 


>300% from baseline 
(or serum creatinine 
24mg dL") with an 
acute increase 
20.5mg dL", 

or receiving renal 


Or anuria for 12h 


replacement therapy 


diuretics) in distinguishing pre-renal from renal fail- 
ure (Table 45.11). 

Other investigations may be needed as determined 
by the clinical scenario: creatinine kinase/urinary 
myoglobin, vasculitic screen, and imaging, e.g. CT or 
renal ultrasound. 

In the case of oliguria (urine output <0.5 mL kg" bh! 
for at least 2 consecutive hours), consider a fluid chal- 
lenge of 500mL colloid. As renal filtration is pressure 


TABLE 45.10 


Causes of Renal Dysfunction or Acute Kidney Injury in the ICU. Several Potential Causes 
Often Co-Exist in ICU Patients 


Causes of Renal Dysfunction 


Pre-renal Renal 


Post renal 


Dehydration Reno-vascular disease 


Hypovolaemia Autoimmune disease 
Hypotension SIRS & sepsis 


Hepato-renal syndrome 


Crush injury (myoglobinuria) 


Nephrotoxic drugs 


Kidney outflow obstruction 
Ureteric obstruction 
Bladder outlet obstruction 


(Blocked catheter) 
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TABLE 45.11 


Differential Diagnosis of Acute Kidney Injury 


Distinguishing Features of Pre-Renal and Renal Acute Kidney Injury 


Pre-renal Renal 
Urinary sodium <10 mmol L" >30mmol L" 
Urinary osmolality High Low 
Urine: plasma urea ratio >10:1 <8:1 
Urine microscopy Normal Tubular casts 


dependent, renal perfusion pressure should be main- 
tained. If circulating volume is adequate, consider the 
early use of vasopressors or inotropes to maintain 
mean arterial pressure >65 mmHg. If the cause of oli- 
guria remains unclear and there is no response, con- 
sider whether any prescribed nephrotoxic drugs need 
to be stopped. Look for and treat sources of sepsis. 
Consider loop diuretics if the patient remains oligu- 
ric. If cardiac output, mean arterial pressure and renal 
perfusion pressure have been restored with fluids and 
drugs and there remains no response to diuretics, renal 
replacement therapy is likely to be required. 


Renal Replacement Therapy (RRT) 


Continuous renal replacement therapy is used in in- 
tensive care units because the gradual correction of 
biochemical abnormalities and removal of fluid results 
in greater haemodynamic stability, compared to inter- 
mittent haemodialysis (Table 45.12). 


TABLE 45.12 


Indications for Renal Replacement Therapy 


Classical Indications Alternative Indications 


Volume overload Endotoxic shock 


Hyperkalaemia (K* >6.5) Severe dysnatraemia (Na* 


<115 or >165 mmol L") 


Metabolic acidosis (pH <7.1) Plasmapheresis 


Symptomatic uraemia 
(encephalopathy, pericarditis, 
bleeding) 


Dialysable toxins (lithium, 
aspirin, methanol, ethylene 


glycol, theophylline) 


Continuous Venovenous Haemofiltration (CVVHF) 


The simplest form of continuous renal replacement 
is continuous venovenous haemofiltration. As the 
patient’s blood passes through a filter, plasma wa- 
ter, electrolytes and small molecular weight mol- 
ecules pass through down a pressure gradient. This 
filtrate is discarded and replaced by a balanced elec- 
trolyte solution. Typically 200-500 mL h~ of filtrate 
are removed and replaced. Overall negative fluid 
balance can be achieved by replacing less fluid than 
is removed. As no diasylate is used, solute move- 
ment is entirely dependent on convective transport, 
which is a slower removal process, so clearance of 
small molecules and solutes is inefficient. This can 
require large volumes of filtrate to be removed and 
replaced in order to achieve acceptable creatinine 
clearance. 


Continuous Venovenous Haemodialysis (CVVHD) 


Continuous haemodialysis depends on diffusive sol- 
ute clearance occurring because of the countercur- 
rent flow of dialysate fluid through the haemofilter. 
Fluids, electrolytes and small molecules can move in 
both directions across the filter, depending on hy- 
drostatic pressure, ionic binding and osmotic gradi- 
ents. Overall creatinine clearance is greatly improved 
compared with haemofiltration alone. In CVVHD, 
provided the volume of dialysis fluid passing out 
from the system matches the volume of dialysis fluid 
passing in, there is no net gain or loss of fluid to the 
patient. By allowing more dialysate fluid to pass out 
of the filter than passes in, fluid can be effectively 
removed from the patient, with removal rates of up 
to 200 mL per hour possible. 
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Continuous Venovenous Haemodiafiltration 
(CVVHDF) 


This term is best used for systems that intentionally 
combine both haemodialysis and haemofiltration. 
Dialysis fluid is passed across the filter to remove 
solutes by osmosis but at the same time ultrafiltrate is 
removed and replaced. 


Vascular Access for Renal Replacement Therapy 


Renal replacement therapies require dedicated vas- 
cular access (using a 10—14 Fr gauge catheter). Veno- 
venous RRT has replaced arteriovenous RRT, as the 
latter has greater vascular morbidity and requires an 
adequate arterial pressure to drive flow. For veno- 
venous access, a single large vein is cannulated per- 
cutaneously with a double-lumen catheter using the 
Seldinger technique. All catheters have a lumen that 
functions as the ‘arterial’ outflow limb of the circuit 
and a second lumen which functions as the ‘venous’ 
inflow limb of the circuit. The ‘arterial’ port removes 
blood from holes in the side of the catheter and blood 
is returned down the ‘venous’ lumen through a single 
hole at the catheter tip to minimize recirculation of 
haemofiltered blood. When not in use, these catheters 
are at risk of clotting off, and so it is often necessary to 
fill the deadspace (labelled on catheter) with heparin 
1000 units mL”. 

Similarly as blood is passing through an extracorpo- 
real circuit, some form of anticoagulation is required 
(unless the patient has severe coagulopathy) and either 
heparin or prostacyclin infusions are run directly into 
the dialysis circuit. Citrate has also been used as a form 
of anticoagulation. 

Table 45.13 

Interest has recently centered upon the role of 
CVVHF in sepsis. Many patients with AKI have 
multi-organ dysfunction and most mediators in- 
volved in the inflammatory response are water solu- 
ble middle-sized molecular weight compounds, such 
as tumour necrosis factor (TNF), interleukins (IL-1, 
IL-6, IL-8), platelet activating factor (PAF) and com- 
plement. The highly porous synthetic membranes 
used for convective filtration in CVVHF lend them- 
selves to elimination of such compounds through 
filtration and adsorption. However, high volume 
haemofiltration (HVHF), producing ultrafiltration 
volumes of more than 75 litre day, may be required 


TABLE 45.13 


Complications of Continuous RRT 


m Heparin associated: 
Bleeding (GIT, catheter site, intraoperative) 
Heparin-induced thrombocytopenia (HIT) 


m Catheter related: 
Sepsis 
Thrombosis 
Arterio-venous fistulae 
Arrhythmia 
Pneumothorax 
Pain 
Line disconnection 
m Hypothermia 
m Anaemia, thrombocytopenia 
= Hypovolaemia 
m Hypotension, worsening gas exchange in lungs 
= Membrane reactions (bradykinin release, nausea, 
anaphylaxis) 
m Electrolyte abnormalities (hypophosphataemia, 
hypokalaemia) 


m Metabolic: acidosis (bicarbonate loss), alkalosis 


(over-buffering) 
= Air embolism 


m Drug related (altered pharmacokinetics) 


to produce significant reductions in plasma mediator 
concentrations because of their very high generation 
rate. Recent outcome studies have not supported this 
approach. 


Outcomes After Kidney Injury 


Acute kidney injury has three potential outcomes: re- 
turn to baseline function, the development of chronic 
kidney disease, or persistent renal failure. Most cases 
of AKI occurring in ICU return to baseline function 
over time (acute tubular necrosis pattern, may take 
up to 6 weeks). The re-establishment of a spontane- 
ous urine output is generally followed by a polyuric 
phase which gradually settles. However, a proportion 
of patients may develop chronic kidney disease in 
previously normal kidneys (e.g. acute cortical necro- 
sis pattern, most commonly in pregnancy). Patients 
with pre-existing renal disease may have accelerated 
disease progression and increased risk for end stage 
disease. The latter two groups of patients will there- 
fore benefit from early referral to renal physicians for 
longer term management. 


Neurological System 


Despite the wide range of pathologies that require pa- 
tients to be admitted to the ICU for specialized neu- 
rological support, some specific treatment regimens 
are common to them all. Recognition of the primary 
problem and any secondary pathologies (e.g. a second- 
ary brain haemorrhage) is important, as is the preven- 
tion of secondary injury due to brain swelling or poor 
perfusion. 

Irrespective of the primary cause of neurological 
damage, secondary injury may be caused by hypox- 
aemia, hypotension, hypercapnia, seizures, hypergly- 
caemia and other metabolic disturbance. In order to 
prevent this, measures need to be taken and will in- 
clude securing the airway and instituting mechanical 
ventilation. These are the main principles underly- 
ing neuro-critical care. Ventilatory variables should 
be set to achieve a PaCO, of 4-5 kPa. Aggressive hy- 
perventilation needs to be avoided as hypocapnia 
induces cerebral vasoconstriction and may promote 
cerebral ischaemia in the context of brain injury. The 
inspired oxygen concentration needs to be adjusted 
to sustain a PaO, in excess of 12kPa and appropri- 
ate steps taken to maintain blood pressure within the 
normal range. Ideally mean arterial pressure should 
be maintained above 70 mmHg as even isolated peri- 
ods of systolic pressures below 90 mmHg have been 
shown to be associated with worse outcome in the 
case of traumatic brain injury. Intravenous adminis- 
tration of glucose should be avoided as hyperglycae- 
mia increases cerebral metabolic rate and i.v. insulin 
should be infused if the blood glucose concentration 
exceeds 11 mmol L~. 

The plasma osmolality and serum sodium concen- 
tration should be monitored carefully because hypo- 
osmolality of the plasma creates an osmotic gradient 
across the blood-brain barrier which can provoke ce- 
rebral oedema. Hyperthermia (even mild) should 
be avoided as this increases cerebral metabolism 
and worsens outcomes. However the benefits of in- 
duced hypothermia are unclear as it affects other 
systems. For example, hypothermia worsens coag- 
ulopathy and could be detrimental in the case of 
cerebral haemorrhage. Currently induced hypother- 
mia has only been shown to be of benefit after out-of- 
hospital cardiac arrest, where the primary rhythm was 
ventricular fibrillation. 
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Patients with severe head injury (GCS <8) and/or 
focal signs (which may not necessarily require surgical 
correction) should be referred to a regional neurosur- 
gical centre, as should patients who require ventilation 
and ICP monitoring. Discussion and review of CT 
scans should be undertaken with the neurosurgeons 
before transfer. Transfer should be in accordance with 
national guidelines and will include: 


= Exclude and treat other life threatening injuries 
elsewhere (e.g. chest and abdominal bleeding) 

m Secure the airway definitively 

= Staff should be trained in airway and head injury 
management 

= Large-bore intravenous access 

= End-tidal CO, should be maintained at 4—4.5 kPa 
on a transport ventilator 

= SpO, and arterial gases should be checked to en- 
sure adequate oxygenation 

= Blood pressure and adequate fluids and vaso- 
pressors should be available 

= Brain CT imaging should be completed and 
hard/electronic copies available 

= Transfer should be complete within 4h — no in- 
appropriate delays, e.g. for central venous access. 


In patients with severe head injury and an abnormal 
admission CT scan, it may be appropriate to monitor 
cerebral perfusion pressure (CPP) by direct measure- 
ment of ICP and mean arterial pressure. ICP should be 
maintained within the normal range if possible; sud- 
den increases may occur in patients who are restless or 
hypertensive, and adequate sedation and analgesia are 
usually important components of therapy. Deep seda- 
tion with neuromuscular blockade may be necessary 
to minimize cerebral metabolism and therapy can be 
guided using the EEG to attain burst suppression. 

CPP can be manipulated with fluid loading and the 
use of vasopressor agents. However, high arterial pres- 
sure should be avoided, because many patients with 
brain injury have impaired cerebral autoregulation 
and a high CPP may result in increased cerebral oe- 
dema. Hypotension does need to be treated, however, 
as critical CPP, when ischaemia is likely to occur, is in 
the order of 30-40 mmHg. 

Other useful measures to consider when managing 
the patient with acute neurological injury include nurs- 
ing in a head up position to improve venous drainage. 
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Increasing serum osmolality to 300-310mOsm L“ 
using mannitol or hypertonic saline judiciously will 
reduce brain tissue water and result in a fall in ICP. 
In addition it is important to control clinical and sub- 
clinical seizures as these have a detrimental effect on 
cerebral metabolism. At all times therapy should be 
adjusted to maximize oxygen delivery, minimize oxy- 
gen consumption, preserve cerebral blood flow and 
normalize ICP. 


Outcomes 


Advances have been made in neurological monitoring 
modalities and some specific treatments have become 
more common with improved outcomes, e.g. radio- 
logical coiling for aneurysms and thrombolysis for 
acute ischaemic stroke. Others treatments like decom- 
pression craniectomy are still under study. However, 
the majority of neurological conditions requiring in- 
tensive care, e.g. traumatic brain injury, have remained 
static in terms of novel therapies, and mortality and 
morbidity rates remain high. In the UK severe trau- 
matic brain injury occurs in 11000 people per year 
and has a mortality rate approaching 50%. Most of the 
survivors will have residual disability following severe 
head injury. 


OTHER ASPECTS OF INTENSIVE 
CARE 


Venous Thromboembolism Prophylaxis 


An estimated 25000 people in the UK die from pre- 
ventable hospital-acquired venous thromboembolism 
(VTE) every year. Therefore it is a considerable cause of 
mortality and, in non-fatal cases, morbidity. The criti- 
cal care population is at higher risk than general medi- 
cal patients for a number of reasons including: severe 
physiological upset, maximal inflammatory response, 
the presence of intravascular catheter devices, inju- 
ries specifically implicated in VTE, e.g. pelvic and long 
bone injuries, and often long periods of immobility. 
Similarly these patients are also at increased risk from 
anticoagulation therapy, due to disease process/concur- 
rent interventions and treatment, so pharmacological 
prophylaxis with low molecular weight heparins can 
potentially be problematic. 

Low-molecular-weight heparins are associated with 
a lower incidence of haemorrhage and heparin-induced 


thrombocytopaenia than unfractionated heparin. In 
addition their use does not require monitoring of ac- 
tivated partial prothrombin time (APTT). Unless con- 
traindicated, mechanical means (such as anti-embolic 
stockings) of VTE prophylaxis should also be given to 
all patients. 

Where both mechanical and pharmacological 
prophylaxis are contraindicated and the patient is at 
high risk, consider the requirement of an inferior ve- 
nal caval filter. There should be a daily review of the 
risk of venous thromboembolism, risk of bleeding and 
therefore thromboprophylaxis. Early mobilization and 
physiotherapy where possible, and avoiding dehydra- 
tion can also help reduce the risk of VTE. 


ICU-Acquired Muscle Weakness 


Neuromuscular abnormalities resulting in skeletal 
muscle weakness are a common occurrence in the in- 
tensive care unit. Some degree of loss of muscle mass 
is likely in all cases of immobility and critical illness. 
However, more severe problems are commonly seen 
and they can be described into two distinct conditions, 
namely polyneuropathy and myopathy. However, it is 
likely that these two entities often coexist, and while 
the exact incidence remains variable amongst stud- 
ies, their presence is associated with multiple adverse 
outcomes, including higher mortality, prolonged du- 
ration of mechanical ventilation, and increased length 
of stay. 

The pathogenesis of such nerve and muscle damage 
is not well defined, but probably involves inflamma- 
tory injury of nerve and/or muscle that is potentiated 
by functional denervation and corticosteroids. The 
latter is a well identified risk factor for developing 
acquired muscle weakness. Other risk factors include 
sepsis, hyperglycaemia, neuromuscular blockade and 
increasing severity of illness. The clinical diagnosis of 
ICU-acquired neuromuscular disorders is suspected 
in the presence of unexplained weakness in patients 
recovering from critical illness. Weakness can be so 
severe as to be confused with coma. Other metabolic, 
pharmacologic, and central-nervous-system causes of 
weakness must be ruled out before establishing the di- 
agnosis. Electrophysiological testing is useful primarily 
to exclude other (possibly treatable) causes of severe 
weakness, e.g. Guillain-Barré syndrome or cervical 
spine problems. 


So far the only intervention recognized to reduce 
the incidence of ICU acquired muscle weakness is in- 
tensive insulin therapy and standard measures that 
reduce the severity and duration of the critical illness 
episode (e.g. early recognition and treatment of sepsis). 
Physical rehabilitation may accelerate recovery and the 
National Institute for Health and Care Excellence has 
published guidelines recognizing the value of rehabili- 
tation during and post critical care, however more re- 
search is required for an improved understanding of 
this illness. 


Healthcare-Associated Infection (HAI) 


Unfortunately HAI is common, especially amongst 
ICU patients where risk factors such as immunocom- 
promise, tracheal intubation, the presence of intra- 
vascular and urinary catheters, antimicrobial therapy, 
stress ulcer prophylaxis and protracted length of stay 
are frequent. Catheter-related blood stream infections, 
ventilator-associated pneumonia, Clostridium diffi- 
cile diarrhoea and emergence of antibiotic-resistant 
bacteria such as methicillin-resistant Staphylococcus 
aureus (MRSA) and vancomycin-resistant enterococ- 
cus (VRE) remain important causes of ICU mortal- 
ity, morbidity and increased financial burden. Routine 
surveillance of HAI rates is essential to identify prob- 
lematic pathogens and to develop initiatives to reduce 
their incidence. 

Preventative measures are multifactorial and start 
with good standards of hospital environmental clean- 
liness. The EPIC study recognized poor hand hygiene 
as being a major factor in nosocomial infection and 
great effort has gone into publicizing good hand hy- 
giene at a national level. Protective garments should be 
worn with all patient contact, however gloves are not a 
substitute for hand washing. 


Catheter-Related Bloodstream Infection (CRBS!) 


CRBSI is common in the ICU and results from ve- 
nous and arterial catheters becoming coated in plasma 
proteins following insertion. Bacteria are then able to 
migrate from the skin and catheter hubs to become 
embedded in this protein sheath, with both external 
and endoluminal colonization occurring. There is a 
direct relationship between the number of organisms 
colonizing the catheter and the risk of CRBSI and pres- 
ence of thrombus also increases this risk. Mortality 
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from CRBSI may be as high as 25% and diagnosis is 
made from a positive blood culture with the same or- 
ganism grown from the access device. 

To reduce rates, the need for invasive catheters 
should always be considered in the first instance. 
Consider the site of insertion: the subclavian vein has 
the least risk of catheter-related bloodstream infection 
compared to the internal jugular and femoral veins, re- 
spectively. Strict aseptic technique should be adhered 
to on insertion and during all handling of catheters. 
If the device is to be used for parenteral nutrition, en- 
sure that there is a dedicated line or lumen for this. If 
there is a suspicion of CRBSI, the catheter should be 
removed and antibiotic therapy tailored to the culture 
result. Matching Michigan is a quality improvement 
project based on a model developed in the United 
States. It introduced data definitions (infection rates 
per 1000 catheter days) as well as technical and non- 
technical interventions in order to reduce catheter- 
related bloodstream infection and a similar project is 
underway across the UK. 


Antibiotic Therapy 


Appropriate antibiotic use is imperative, and local 
policies as well as advice from the microbiologist are 
important sources of information. If appropriate em- 
pirical therapy is started early, clinical outcomes from 
serious infection are improved (as per the Surviving 
Sepsis campaign). De-escalation when a causative 
pathogen is identified reduces inappropriate use and 
minimizes superinfection. Rotation of antibiotics has 
been used but conflicting evidence has suggested that 
there may be promotion of resistance amongst Gram- 
negative organisms. Selective decontamination of the 
digestive tract (SDD) is a technique designed to eradi- 
cate aerobic, potentially pathogenic bacteria coloniz- 
ing the oropharynx and upper gastrointestinal tract, 
thus eliminating an important risk factor for nosoco- 
mial pneumonia. It has not been widely adopted in 
the UK because of its inconsistent effects on mortality 
and concerns about the potential for selecting anti- 
biotic-resistant pathogens. 


Ventilator-Associated Pneumonia (VAP) 


VAP is a common nosocomial infection occurring in 
ICU patients receiving mechanical ventilation for >48 
hours. There is no gold standard for diagnosis, so exact 
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incidence remains difficult to estimate but mortality 
is in the order of 30%. Aerobic Gram-negative bacilli 
colonize the oropharynx and upper GI tract (aug- 
mented by the use of H,-receptor antagonists) and 
these pathogens gain access to the lungs with move- 
ment aided by the positive pressure of mechanical 
ventilation. Clinical suspicion should arise with stan- 
dard diagnostic features of pneumonia but this is non- 
specific. Quantitative culture of bronchio-alveolar 
lavage specimens should aid diagnosis. Treatment 
is timely administration of appropriate antibiotics 
and preventative measures include scrupulous hand 
washing, good oral hygiene, nursing the patient semi- 
recumbent, ensuring adequate tracheal cuff inflation, 
improved cuff design, supraglottic suction, the rational 
use of H,-receptor antagonists, avoiding the need for 
re-intubation where possible and potentially SDD. 


Psychological Problems on the Intensive 
Care Unit 


Longer stay patients on the ICU can suffer significant 
psychological morbidity. A combination of the under- 
lying pathology, sedative and analgesic drugs, an en- 
vironment of loud noise, bright lights, and frequent 
nursing input can all lead to sensory overload which 
may result in anxiety, depression, delirium and hallu- 
cinations during treatment. Research into the longer 
term consequences of surviving critical illness has sug- 
gested that for a significant number of patients there 
may not only be continuing physical debilitation, but 
also a risk of subsequent depression, post traumatic 
stress disorder and a potential loss of cognitive func- 
tion. Family dynamics may become altered as can fi- 
nancial security, so it is important to identify patients 
at risk of physical and non-physical morbidity and 
work towards short and medium term agreed rehabili- 
tation goals in an attempt to optimize recovery. 


Delirium in ICU 


Delirium is often under diagnosed, but is associated 
with increased length of hospital stay and is an inde- 
pendent predictor of increased mortality at 6 months. 
It is often described as hyperactive, hypoactive or a 
mixture of both. A validated tool such as the Confusion 
Assessment Method for the Intensive Care Unit (CAM- 
ICU) can be used to detect delirium. Preventative mea- 
sures include avoidance of pharmacological precipitants 


where possible (although this may be impossible in 
practice) and employing non-pharmacological inter- 
ventions such as clear communication, provision of 
clocks, calendars, diaries and the patient’s own familiar 
objects. In addition, consistent nursing care, control- 
ling excess noise and creating a day/night cycle are also 
helpful. Allowing self-care where possible and ensuring 
that the patient has their own glasses, dentures or per- 
sonal items can often be as important as treating any 
organic cause. If preventative measures fail and no or- 
ganic cause can be found, treatment with haloperidol 
and other drugs may be helpful. 


Care Bundles 


There is an increasing interest in the development of 
‘care bundles’ for specific ICU illnesses. They consist 
of a number, usually up to 5 or so, of evidence-based 
practices each of which has been shown to improve 
outcome and is easily achievable. When performed 
collectively, reliably and continuously these bundles 
confer a greater probability of survival. The most fa- 
miliar bundles are the Surviving Sepsis Campaign 
resuscitation (6 hours) and management (24 hours) 
bundles and ventilator care bundles. The ventilator 
care bundle comprises the following components to 
reduce acute lung injury and ARDS: 


m low tidal volumes (6 mL per kg predicted body 
weight) 

= capped plateau airway pressure (30 cmH,O) 

m sedation holds and use of sedation scores. The 
practice of interrupting continuous sedative 
infusions on a daily basis to allow intermittent 
decreased sedation, has been shown to reduce 
length of ICU stay 

m permissive hypercapnia (accepting a PaCO, 
above normal to allow pressure limitation and 
low plateau airway pressures) 

m semi-recumbent positioning (head up by 45° un- 
less contraindicated) during ventilation to reduce 
the incidence of ventilator-induced pneumonia 

= lung recruitment by PEEP to prevent alveolar 
collapse at end-expiration 

m avoidance of neuromuscular blocking drugs 
may reduce the incidence of skeletal muscle 
weakness associated with critical illness 

= protocol-driven weaning 


Ventilator associated pneumonia rates have been 
shown to be reduced by combining sedation holds, 
semi-recumbent nursing, peptic ulcer prophy- 
laxis, DVT prophylaxis and daily oral hygiene with 
chlorhexidine. Good nursing care should not be un- 
derestimated and is an important contributor to good 
overall outcome. 


ETHICAL ISSUES IN ICU 


As in all medical practice, four ethical principles can be 
applied to the ICU patient. 

Autonomy relates to the patient’s individual dignity 
and is about respect for the individual and their ability 
to make decisions with regard to their own health and 
future. To do this they must be able to understand and 
believe the information given. 

Beneficence is the concept that any action that is 
performed on the patient should be in that patient’s 
best interest, i.e. doing the greatest good whilst balanc- 
ing the risks and benefits. The corollary of that is that 
any action carried out on a patient must not harm that 
patient, which is the concept of non-maleficence. The 
fourth principle is the notion of justice. This relates to 
fairness, equitable use of resources and equal access to 
care. Individuals should be similarly treated. When a 
resource is limited, there is potential for an individual’s 
treatment to affect the wellbeing of someone else. 

There are inherent problems with achieving all of 
these ideals in the ICU situation. For a patient to have 
the capacity to consent to a treatment, they must be 
able to understand information relevant to that treat- 
ment, retain that information, use or weigh up that 
information as part of the process of making a deci- 
sion and finally they must be able to communicate 
their decision. Thus the majority of patients at some 
point during their ICU admission will lack capacity. It 
is important to be able to defend decisions regarding 
treatment or withholding of treatment so there must 
be robust evidence that a patient’s lack of capacity has 
undergone assessment. It is prudent to discuss compli- 
cated matters with consultant colleagues so that a con- 
sensus of opinion can be formalized before difficult 
treatment decisions are made. With the patient who 
lacks capacity, management is directed towards the 
patient’s best interests and although there should be 
documented evidence of involvement of the patient’s 
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family and others close to them, the next of kin does 
not have a decisive role and cannot formally consent 
on behalf of a patient who lacks capacity. 


OUTCOME AFTER INTENSIVE CARE 


Attempts to predict outcome after discharge from criti- 
cal care has led to the development of a number of scor- 
ing systems, which generally involve collection of large 
quantities of data, stratifying this data to produce a risk 
score and using this to predict survival for a patient 
population. However there are flaws with this approach 
including problems of diagnostic categorization: the 
initial hospital diagnosis may bear little relation to the 
subsequent, often multiple pathologies in the individual 
ICU patient. While scoring systems are helpful in pre- 
dicting population outcomes, their application to indi- 
vidual cases is limited. Patients may survive discharge 
from the ICU, but mortality remains high on the wards 
and at home, so that 6-month or 1-year outcomes of 
mortality and morbidity may prove better end points 
than the traditional 28-day mortality. 

Assessments of functional disability, quality of life 
and return to work among patients who have survived 
an admission to the ICU are more difficult to quantify 
than death, but the small numbers of studies which have 
been undertaken suggest that mortality is significantly 
higher than would be expected in matched individuals 
for several years. In addition, a significant proportion of 
patients report impaired quality of life and that many 
remain unable to work for prolonged periods after dis- 
charge. However, the majority of patients who survive 
can return to a reasonable quality of life. 

There are a number of scoring systems in use: 


m APACHE II. The Acute Physiology and Chronic 
Health Evaluation score takes into account pre- 
existing comorbidities as well as acute physi- 
ological disturbance and correlates well with the 
risk of death in an intensive care population, but 
not on an individual basis. However, it remains 
one of the more widely used tools and a score is 
calculated on: 
= worst physiological derangement occurring 

within the first 24 hours after admission 
m age 
= chronic health status 
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Some patients with, for example, diabetic keto- 
acidosis may score highly and have a perceived high risk 
of death, but they generally get better quickly. Lead- 
time bias results from the stabilization of patients in 
the referring hospital before transfer. This artificially 
lowers the score for the patient arriving at the refer- 
ral centre. Finally the Glasgow Coma Scale component 
may be difficult to interpret, as clearly there is a differ- 
ence in GCS 3 from head injury compared to GCS 3 
from drug induced sedation. 


= APACHE III has superseded the APACHE II 
score, with the variations in the physiological 
components. 

m Simplified Acute Physiology Score (SAPS). This 
scoring system uses 12 physiological variables 
assigned a score according to the degree of 
derangement. 

m Therapeutic Intervention Score System (TISS). 
A score is given for each procedure performed 
on the ICU, so that sicker patients require more 
procedures. However, procedures undertaken are 
both clinician and unit specific and so TISS is less 
useful for comparing outcomes between differ- 
ent units. 

m Sequential Organ Failure Assessment (SOFA). 
This tracks changes in the patient’s condition re- 
garding their respiratory, cardiovascular, hepatic, 
neurological, renal and coagulation status. 


The importance of national collaborative audit 
and research in improving the practice of critical care 
is well recognized and the Intensive Care National 
Audit and Research Centre for England and Wales 
(ICNARC) collects demographic data, diagnostic 
criteria, physiological scoring and outcome for the 
majority of patients admitted to ICU. The case mix 
programme for April 2008 to April 2009 noted al- 
most 90000 admissions across 180 general ICUs in 
the UK. In this dataset, mortality in the intensive 
care unit was 17%, while acute hospital mortality 
was almost 26%. 


DEATH IN THE ICU 


Death is common and is a fundamental part of ICU 
care. Unfortunately, despite maximal support and 
care, some patients succumb to the overwhelming na- 
ture of the underlying disease process. Few deaths are 


directly attributable to an unexpected primary cardio- 
respiratory arrest, once the patient is fully supported 
on the ICU, hence ‘do not resuscitate’ (DNR) orders 
are less relevant to critical care than care on the gen- 
eral ward. 


Futility and withdrawal 


Approximately 70% of deaths occur on the ICU fol- 
lowing withdrawal of support, where continued treat- 
ment would be futile; however, legally, the cause of 
death remains the underlying pathological process. 
This typically follows a variable period of continued 
deterioration or a failure to improve, despite maximal 
appropriate supportive therapy. 

A principle of justice in the treatment of intensive 
care patients is based on the fact that all patients have 
an equal right to all treatments. Yet some patients with 
extensive comorbidities or very advanced disease have 
very little prospect of responding to such treatment. 
Therefore, to offer them such treatment is futile and 
unlikely to be in their best interests. Equally, it would 
be misuse of scarce resource which would be then un- 
available to another patient. 

There is no legal distinction between the withdrawal 
of life-sustaining treatment or limiting or withhold- 
ing treatment. It is important to note that withdrawal 
of treatment does not equate with withdrawal of all 
of the basic care given by nurses and doctors includ- 
ing symptom relief. There is a lack of consistency re- 
garding withdrawal, as timing, the actual treatments 
withdrawn and the manner of withdrawal may vary 
considerably between intensive care units. In the UK, 
relatives do not have legal rights of decision making 
but it is important not to exclude them from hon- 
est and timely discussions when withdrawal is being 
considered. 

The process of withdrawal centres upon either 
setting limits to levels of supportive therapy or a re- 
duction of such interventions, in anticipation that 
the patient is likely to deteriorate or die without such 
support. Once the decision is made and an agreement 
with the family and admitting team has been obtained, 
support is reduced along the following lines: 


m Vasopressor and inotropic drug support are re- 
duced and subsequently discontinued. 

= Sedation may be increased and inspired oxygen 
concentration can be reduced to room air. 


= Other supportive treatments such as renal re- 
placement therapy are removed. 

= Assisted ventilation may be reduced and tracheal 
extubation carried out. 

= Antibiotics are discontinued. 

m Feeding and hydration are generally contin- 
ued if practical and not requiring extra invasive 
instrumentation. 

= Death may occur quickly or be prolonged over 
hours or days depending on the clinical situation. 


The General Medical Council has a guideline relat- 
ing to withdrawal of treatment and resolution of po- 
tential conflicts that may arise when the decision to 
withdraw is made. 

Dependent on the speed of decline, patients may 
die on the ICU, or be discharged to ward-based care. 
Occasionally patients may improve despite all odds 
and clinicians should be prepared to revisit such clini- 
cal decisions over time. 

Once a patient has died, confirmation of death is 
required. Although in the UK there is no actual le- 
gal definition of death, it should be identified as the 
irreversible loss of the capacity for consciousness, 
combined with the irreversible loss of the capacity to 
breathe. (See a code of practice for the diagnosis and 
confirmation of death: www.aomrc.org.uk.) 

A death certificate may be issued by a doctor who 
has provided care during the last illness and who has 
seen the deceased within 14 days of death. Deaths must 
be reported to the coroner in the following instances: 


m Cause of death is unknown 

= Sudden, unexpected, suspicious, violent or un- 
natural deaths 

= Deaths due to alcohol or drugs 

= Deaths related to surgery or anaesthesia 

m Deaths within 24 hours of admission 


Depending on the circumstance, a post mortem 
may be necessary. 


Brainstem Death 


In patients with overwhelming brain injury, brainstem 
death testing allows futile treatments to be withdrawn. 
Clinical features of brainstem death will include pro- 
foundly reduced conscious level, with loss of cranial 
nerve reflexes. As the brainstem is compressed systemic 
features may include hypertension and bradycardia 
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(Cushing’s reflex), followed by hypotension and vaso- 
dilation. Hypothalamic and pituitary function is lost 
(diabetes insipidus) and reduced thyroid hormone 
synthesis occurs. Hypothermia is common due to a 
loss of thermoregulation. 

Preconditions for brainstem death testing include: 


m the presence of identifiable pathology causing ir- 
reversible damage 

m the patient must be deeply unconscious (hy- 
pothermia, depressant drugs and potentially 
reversible circulatory, metabolic, endocrine dis- 
turbances must all be excluded as a cause of the 
conscious level) 

= the patient must be apnoeic 


The tests are undertaken by two medical practitio- 
ners, one of whom is a consultant and both of whom 
have been registered with the General Medical Council 
for more than 5 years. Two sets of tests are performed 
and time of death is recorded when the first test indi- 
cates brainstem death. 


= Pupils must be fixed and not responsive to light 
(cranial nerves II, IIT) 

= There must be no corneal reflex (cranial nerves V, 
VII) 

m Vestibulo-ocular reflexes are absent, i.e. no eye 
movement occur following injection of ice cold 
saline into the auditory meatus (cranial nerves, 
IH, IV, VI, VIII) 

m No facial movement will occur in response to 

upra-orbital pressure (cranial nerves V, VII) 

m No gag reflex to posterior pharyngeal wall stimu- 

lation (cranial nerve IX) 

m No cough or other reflex in response to bronchial 

stimulation with a suction catheter passed down 

the tracheal tube (cranial nerve X) 

m No respiratory movements will occur when 
disconnected from the ventilator, hypoxia is 
prevented with pre-oxygenation and oxygen 
insufflation via a tracheal catheter and PaCO, 
should be >6.65 kPa. 


n 


Spinal reflexes may be present or exaggerated. 


ORGAN DONATION 


Patients who fulfil the criteria for brainstem death 
should be considered for organ donation. If suitable 
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on medical grounds and permission is given by the pa- 
tient (by previous expressions of interest) or relatives, 
then so-called beating heart donation can take place. 
After careful planning, the patient is taken to theatres 
and organs removed before or at the time of circula- 
tory arrest. 

At the time of writing, nearly 8000 patients are 
registered and waiting for a transplant in the UK and 
demand continues to outstrip supply. With this in 
mind, moves have been made towards increasing the 
numbers of non-heart beating organ donors (patient 
pronounced dead on the basis of loss of cardiac func- 
tion before organ retrieval). 

Whether organ retrieval is from heart beating or 
non-heart beating donation, appropriate consent must 
be obtained and early liaison with the transplant coor- 
dinator is crucial in determining suitability. There will 
be a donor management protocol that should be fol- 
lowed to ensure optimal organ viability. The whole 
process takes time and major coordination between 
the various teams involved. 

Other tissues, e.g. corneas, skin, bone and heart 
valves, can be removed later after death if appropriate. 


DISCHARGE FROM INTENSIVE CARE 


For those patients that survive, discharge from ICU 
is appropriate when their condition has improved so 
that they no longer warrant intensive care support. 
Careful discussion with the relatives and admitting 
teams should be undertaken with clear documentation 
of decisions made in relation to re-escalation of treat- 
ment, readmission to intensive care, whether or not to 
attempt resuscitation and other ongoing management. 

Those patients whose levels of care are to be re- 
duced need to be sufficiently fit for discharge so that 
their underlying disease process is stable and/or im- 
proving. Consideration needs to be made regarding 
where such patients are to be discharged to. Frequently, 
discharge is to a high dependency unit or if the patient 
is fit enough, back to a general ward, with outreach re- 
view. If the patient has been transferred from another 
hospital, ideally they should be returned to the refer- 
ring hospital as soon as possible. Discharges should be 
made during daytime hours, as discharges made out- 
side these times are more likely to experience deterio- 
ration and readmission. 


Follow-Up Clinics 


Follow-up clinics are an important aspect of contin- 
ued treatment of a patient’s physical and emotional 
wellbeing, as well as a means of service evaluation and 
an opportunity for patients to reflect and give feedback 
on their experience. Following periods of critical ill- 
ness, patients typically experience impaired physical 
and mental functioning as a result of the underlying 
disease processes or complications occurring on the 
ICU. Commonly seen problems include: 


m Critical illness neuropathy/myopathy, 

= Respiratory dysfunction — breathlessness is a 
common symptom 

m Cardiac problems — MI or cardiomyopathy 

m Swallowing difficulties and tracheal stenosis 
post-intubation/tracheostomy 

m Sexual dysfunction, affective disorders and post 
traumatic stress disorder 

m Quality of life may significantly decrease follow- 
ing illness 

= Mobility and joint problems. 


In the UK, recommendations have been made to 
advocate the use of follow-up clinics but its provision 
as yet remains inconsistent, and cost effectiveness may 
place restraints on its continued development. 


FUTURE DEVELOPMENTS 


Few major therapeutic developments have been 
made with regard to ICU care over the last few years. 
Published trials which initially showed promise 
have later been repeated and have not translated 
well to broad use in the critical care setting. This 
may partly be due to the heterogeneous nature of 
the disease and the population but also flaws in 
study design. 

Future focus may well be directed toward better 
identification of patient populations through genet- 
ics and biomarkers, which will aid research into novel 
therapeutic strategies. Whilst there is already recog- 
nition that restoration of haemodynamic variables to 
normal values is not necessary, better use of functional 
technology and monitoring tools will help guide re- 
suscitation. There probably will be greater emphasis 
on bundles of care and perfection of weaning and se- 
dation regimes in addition to computer-led advances. 


Demand for critical care resources is likely to con- 
tinue to grow in the face of an ageing population and 
ongoing improvement in medical management of car- 
diorespiratory, cancer and other degenerative diseases. 
It is likely that some sort of rationing may be used when 
outcomes in terms of quality life years is likely to be 
poor. A public and legally accepted recognition of the 
limitations of what can and should be offered is needed. 

Intensive care medicine is an exciting and devel- 
oping specialty and focused training should continue 
to aim to attract young clinicians from a variety of 
primary specialties. 
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MANAGEMENT OF CHRONIC PAIN 


ecent advances in the understanding of the fun- 
damental mechanisms involved in the transmission 
and modulation of noxious impulses have significantly 
extended the range of assessment tools and treatments 
clinicians offer to patients with pain. The majority of 
medical pain specialists in the UK are anaesthetists. 
Historically, anaesthetists have been responsible for 
the relief of pain in the perioperative period and have 
developed skills in percutaneous neural blockade. This 
expertise, developed originally with local anaesthetics, 
was then extended to neurolytic agents. Initially, pain 
clinics started as nerve-blocking clinics and most pain 
management clinics continue to be directed by anaes- 
thetists who now have access to a formal training pro- 
gramme supervised by the Faculty of Pain Medicine 
of the Royal College of Anaesthetists, and special- 
ist recognition. However, with increasing awareness 
of the complexity of the pain experience, there has 
been recognition that other healthcare professionals 
have a significant role in the management of patients 
with chronic pain. A multidisciplinary approach in- 
volving anaesthetists, other healthcare professionals, 
such as psychologists, physiotherapists, occupational 
therapists, nurse specialists, and other medical prac- 
titioners, is the preferred management model for peo- 
ple with pain. Evidence-based practice is now firmly 
established in clinical decision-making, particularly 
in formulating guidelines and consensus documents. 
Pain management clinics are available in most hospi- 
tals in the United Kingdom, with local variation in the 
services offered. Some offer specialist clinics for spe- 
cific conditions (e.g. pelvic pain clinic, paediatric pain 
clinic) or treatments (e.g. spinal cord stimulators). 
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Current health trends are supporting the delivery 
of pain management services in primary care and in 
the community, because many patients can be man- 
aged in a primary care setting without needing to be 
referred to hospital. There is an increasing trend to in- 
volve the patient as an active participant of treatment 
and to include self-management strategies as part of 
the management plan. 


DEFINITIONS OF PAIN AND 
RELATED TERMS 


Pain: ‘an unpleasant sensory and emotional experi- 
ence associated with actual or potential tissue dam- 
age, or described in terms of such damage’ (The 
International Association for the Study of Pain, http:// 
www.iasp-pain.org/AM/Template.cfm?Section=Pain_ 
Definitions). This definition emphasizes that pain 
is not only a physical sensation but also a subjective 
psychological event. It accepts that pain may occur in 
spite of negative physical findings and investigations. 
Pain has sensory, cognitive and motivational- 
affective dimensions and has been described as a bio- 
psychosocial experience, as illustrated in Figure 46.1. 
This must be taken into account when assessing and 
planning a treatment strategy for the patient with 
pain. 

Acute pain: pain associated with acute injury (in- 
cluding surgery) or disease. 

Chronic or persistent pain: pain that either occurs 
in disease processes in which healing does not take 
place or persists beyond the expected time of healing — 
arbitrarily 3 months. 
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An illustration of pain as a biopsychosocial 


Pain management: a multidisciplinary approach to 
the assessment and treatment of patients with (acute 
and chronic) pain. 

Pain management programme: a cognitive- 
behavioural programme for patients with persistent 
pain and disability. 

Pain medicine: the diagnostic and therapeutic ac- 
tivities of medical practitioners. 

Chronic pain syndrome: a term used to describe a 
constellation of pain and other symptoms of complex 
aetiology associated with Sternbach’s 6 Ds: 


Dramatization of complaints 
Drug misuse 
Dysfunction/disuse 
Dependency 

Depression 

Disability. 


Chronic pain syndrome can adversely affect the 
patient in various ways, including depressed mood, 
fatigue, reduced activity and libido, excessive use of 
drugs and alcohol, dependent behaviour and disability 
out of proportion to impairment. It does not respond 
to the medical model of care and is best managed with 
a multidisciplinary approach. 
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THE PARADIGM OF PAIN 


Pain management concerns postoperative, acute and 
chronic pain and cancer-related symptom control 
in children and adults. A joint report of the College 
of Anaesthetists and the Royal College of Surgeons of 
England highlighted the need to improve standards of 
postoperative pain management and many hospitals 
have established acute pain teams. However, many hos- 
pitalized patients suffer from acute non-postoperative 
pain. This may be caused by trauma, burns or acutely 
painful medical conditions (e.g. cardiac pain, osteopo- 
rotic vertebral collapse). Some medical conditions may 
cause recurrent acute painful episodes such as sickle- 
cell crisis or acute exacerbations of chronic pancreatitis. 
Unrelieved acute pain may lead to chronic pain. Chronic 
pain is a complex biopsychosocial phenomenon and a 
single pathophysiological explanation is not available 
for many chronic nonmalignant pain states. Palliative 
care services may refer cancer-related pain problems to 
the anaesthetist for management as a hospital inpatient, 
an outpatient, in a hospice or in the home. There are 
many common areas within the management of acute 
and chronic pain, and pain is increasingly viewed as a 
continuum rather than two separate entities, with sub- 
sequent merging of management techniques and staff. 
Postoperative, acute, recurrent, persistent and 
cancer-related pain occurs in children. Difficulties in 
pain assessment and unsubstantiated fears and myths 
regarding pain and its treatment in children have led to 
suboptimal management. Recommendations for the 
management of pain in children have been published. 


EPIDEMIOLOGY OF CHRONIC PAIN 


The prevalence of chronic pain within the general 
population has proved difficult to estimate because 
of variations in the populations studied, the meth- 
ods used to collect data and the criteria used to de- 
fine chronic pain. Recent data have suggested that the 
prevalence of chronic pain in the UK is 13%, i.e. about 
1 in 7 of the population. Chronic pain is the present- 
ing complaint in 22% of primary care consultations 
and is estimated to account for 4.6 million GP visits 
per year. Patients with persistent pain consult their 
GPs five times more frequently than those without. 
Untreated pain may reduce quality of life for suf- 
ferers and carers, resulting in helplessness, isolation, 
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depression and family breakdown. Many patients with 
persistent pain have significant functional, social and 
financial consequences. Forty-nine percent take time 
off from work, 25% lose their jobs, 22% develop de- 
pression, 44% have their concentration affected and 
56% have disturbed sleep. 

Pain is the second commonest cause of days off work 
through sickness, accounting for 206 million working 
days lost in the UK in 1999-2000. It is the second com- 
monest reason for people to be given Incapacity Benefit 
and £3.8 billion is spent per year on Incapacity Benefit for 
those in pain. The cost of back pain was £12.3 billion (22% 
of UK health expenditure) — mainly due to work days lost. 

Pain is experienced by 20-50% of patients with 
cancer at the time of diagnosis and by up to 75% of 
patients with advanced disease. 


CLASSIFICATION OF PAIN 


Pain may be classified according to its aetiology. 


Nociceptive Pain 


Nociceptive pain results from tissue damage causing 
continuous nociceptor stimulation. It may be either 
somatic or visceral in origin. 


Somatic Pain 


Somatic pain results from activation of nociceptors 
in cutaneous and deep tissues, such as skin, muscle 
and subcutaneous soft tissue. Typically, it is well local- 
ized and described as aching, throbbing or gnawing. 
Somatic pain is usually sensitive to opioids. 


Visceral Pain 


Visceral pain arises from internal organs. It is character- 
istically vague in distribution and quality and is often 
described as deep, dull or dragging. It may be associated 
with nausea, vomiting and alterations in blood pres- 
sure and heart rate. Stimuli such as crushing or burn- 
ing, which are painful in somatic structures, often evoke 
no pain in visceral organs. Mechanisms of visceral pain 
include abnormal distension or contraction of smooth 
muscle, stretching of the capsule of solid organs, hypox- 
aemia or necrosis and irritation by algesic substances. 
Visceral pain is often referred to cutaneous sites distant 
from the visceral lesion. One example of this is shoulder 
pain resulting from diaphragmatic irritation. 


Hyperalgesia, i.e. increased response to a stimulus 
which is normally painful, can occur in visceral pain. 
There are three types: 


m Visceral hyperalgesia: increased sensitivity in the 
painful organ. Pain threshold is lowered in some 
patients with functional gastrointestinal disease 
and patients complain of abdominal pain in re- 
sponse to normally innocuous stimuli of the gut. 

m Referred hyperalgesia from viscera, in which hy- 
persensitivity is localized in the muscles and often 
associated with a state of sustained contraction. For 
example, patients with urinary colic typically display 
hypersensitivity in the muscles of the lumbar region. 

m Viscero-visceral hyperalgesia: pain in one visceral 
organ can be enhanced by pain in another visceral 
organ. Women with repeated urinary stones who 
were also dysmenorrhoeic manifested a higher num- 
ber of colics than non-dysmenorrhoeic women. 


Neuropathic Pain 


Neuropathic pain is now defined as ‘pain arising as a 
direct consequence of a lesion or disease affecting the 
somatosensory system’. It is characteristically dysaes- 
thetic in nature and patients complain of unpleasant 
abnormal sensations. There may be marked allodynia, 
i.e. a normally nonpainful stimulus, such as light touch, 
evokes pain. Pain may be described as shooting or burn- 
ing and may occur in areas of numbness. Neuropathic 
pain may develop immediately after nerve injury or after 
a variable interval. It is often persistent and can be 
relatively resistant to opioids. There is a tendency for a 
favourable response to centrally modulating medication, 
such as anticonvulsants and tricyclic and serotonin- 
noradrenaline reuptake inhibitor (SNRI) antidepressants. 

There are many causes of neuropathic pain. Lesions 
in the peripheral nervous system include peripheral 
nerve injuries, peripheral neuropathies, HIV infection, 
some drugs and tumour infiltration. Central neuro- 
pathic pain is associated with lesions of the central 
nervous system, such as infarction, trauma and demy- 
elination and is very resistant to treatment. 


Sympathetically Maintained Pain 


Pain which is maintained by sympathetic effer- 
ent innervation or by circulating catecholamines is 
termed sympathetically maintained pain (SMP) and 
considered a form of neuropathic pain. It may be a 


FIGURE 46.2 
following Colles’ fracture. 


Complex regional pain syndrome type | 


feature of several pain disorders and is not an essen- 
tial component of any one condition. Sympathetic 
nerve blocks provide at least temporary reduction 
of pain, but current thinking is that this does not 
imply a mechanism for the pain. It is classified into 
type I (reflex sympathetic dystrophy) and type II 
(causalgia). 

In complex regional pain syndrome (CRPS) type 1, 
minor injuries, including mild soft tissue trauma or a 
fracture, precede the onset of symptoms without any 
overt nerve lesion (Fig. 46.2). CRPS type II develops 
after injury to a peripheral nerve. Pain is the promi- 
nent feature and is characteristically spontaneous 
and burning in nature and associated with allodynia 
(abnormal sensitivity of the skin) and hyperalgesia. 
Autonomic changes may lead to swelling, abnormal 
sweating and changes in skin blood flow. Atrophy 
of the skin, nails and muscles can occur and local- 
ized osteoporosis may be demonstrated on X-ray or 
bone scan. Movement of the limb is usually restricted 
as a result of the pain, and contractures may result. 
Treatment is directed at providing adequate analgesia 
to encourage active physiotherapy and improvement 
of function. In cases with sympathetically maintained 
pain, sympathetic nerve block may be part of this 
treatment strategy. 


MANAGEMENT OF CHRONIC PAIN 


Patients present with pain as a result of many different 
pathological processes. Some examples of common 
painful conditions are listed in Table 46.1. 
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TABLE 46.1 


Some Common Painful Conditions 
Malignant Aetiology 


Primary tumours 
Metastases 


Nonmalignant Aetiology 


Musculoskeletal 
Back pain 
Osteoarthritis 
Rheumatoid arthritis 
Osteoporotic fracture 


Neuropathic 
Trigeminal neuralgia 
Postherpetic neuralgia 
Brachial plexus avulsion 
Radicular pain of spinal origin 
Peripheral neuropathy 
Chronic regional pain syndrome (CRPS) 


Visceral 
Urogenital pain 
Pancreatitis 


Post-surgery 
Phantom pain 
Stump pain 

Scar pain 
Post-laminectomy 


Ischaemic 
Peripheral vascular disease 
Raynaud’s phenomenon/disease 


ntractable angina 
Headaches 


Cancer treatment-related: e.g. post-surgery, post- 
chemotherapy, post-radiotherapy pain 


Assessment 


Comprehensive assessment of patients with pain is a 
vital first step. Pain is generally thought of as a symp- 
tom rather than a disease in its own right. Efforts 
should be made to investigate, diagnose and, if possi- 
ble, treat the underlying cause of the pain before using 
empirical pain-relieving techniques. However, there is 
now a growing body of animal and human evidence 
that chronic pain may involve increased sensitivity of 
spinal cord neurones and changes in the spinal cord 
and the brain, which can be responsible for increased 
pain. Thus, there has been some support for persistent 
pain to be viewed as a condition in its own right. 
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Pain History 


The key elements of a pain history should be ascer- 
tained using a structured interview. The interview 
includes assessment of the pain, the effect of pain on 
the patient’s mood and also the impact of the pain 
on quality of life and functioning. Many patients 
with pain become physically deconditioned and their 
mood can deteriorate. Both factors may contribute to 
the pain experience. Assessment can be recorded and 
audited using tools such as the Brief Pain Inventory. 
Key elements in a pain history include: 


= mode of onset 

m location and radiation, either verbally or graphi- 
cally using a pain diagram 

frequency 

aggravating factors 

relieving factors 

intensity, e.g. verbal rating scale, visual analogue 
scale, faces pain scale (children) 

m quality, to determine possible somatic or neuro- 
pathic aetiology, e.g. burning, shooting; validated 
screening tools such as The Leeds Assessment of 
Neuropathic Symptoms and Signs (LANSS) pain 
scale can be used 

previous treatments 

current medication (analgesics and others) 
concurrent medical illness 

basic psychological assessment to include mood, 
coping skills, pain beliefs and self-reported dis- 
abilities; a Hospital Anxiety and Depression 
(HAD) scale can assist as a screening tool but 
if full psychological evaluation is indicated, it 
should be performed either by a psychiatrist or by 
a clinical psychologist, preferably one who is an 
integral member of the pain management team 
patient’s own ideas as to causation 

family and social history 

impairment and functionality (Brief Pain Inventory) 
Quality of Life, e.g. EQ-5D as a standardized in- 
strument for use as a measure of health outcome 
m expectations of treatment. 


Many patients, especially the elderly and those with 
malignancy, have more than one site of pain and sepa- 
rate histories should be taken for each complaint be- 
cause their aetiologies may differ. Particular care and 
skill are needed when taking a pain history from chil- 
dren and the elderly. 


Physical Examination 


A physical examination relevant to the pain complaint 
should be performed and may include a full muscu- 
loskeletal or neurological assessment. It may involve 
a vaginal or rectal examination. Signs implicating in- 
volvement of the sympathetic nervous system includ- 
ing vasomotor, sudomotor and trophic changes should 
be considered. Physiotherapy assessment may be part 
of the initial screening interview. 


Investigations 


Additional laboratory, radiological and electrophysi- 
ological tests may be needed for full evaluation. 

Chronic pain affects not only the patient, but also 
the family. Some patients with chronic pain become 
depressed and anxious, and lose their job, and finan- 
cial and social status. Their relationships may deterio- 
rate and it may be important to interview the patient’s 
relatives or significant others with the patient to assess 
the impact of the pain on family life. 


Explanation 


Chronic pain is a complex phenomenon and often 
multifactorial in aetiology. The diagnosis, where pos- 
sible, is based on the history, examination and the 
results of any investigations. Classification of the 
pain aids treatment decisions in some cases but many 
pains are of a mixed aetiology. The pain complaint 
and the results of any investigations should be dis- 
cussed with the patient. This may involve an explana- 
tion that there is no obvious structural explanation 
for the pain, but impressing upon the patient that this 
is a reflection of our currently inadequate methods 
for imaging pain and does not imply that the pain 
is imagined. A patient-led problem list should be 
formulated and patient expectations for treatment 
should be explored and, if necessary, rationalized. 
The limitations of the medical model of disease for 
some chronic pain complaints should be explained. 


Treatment 


Total relief of persistent pain is rarely possible. 
Therefore, it is important that the patient is given in- 
formation on strategies which can be employed to re- 
duce the impact of the pain on their everyday life. These 
self-management strategies should include advice about 
the importance of remaining active, increasing fitness 
levels, planning and pacing all activities and avoiding 
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over-activity/under-activity cycles. Self-management 
booklets, such as the Pain Tool-kit, can be given to 
patients. 

A treatment plan should be formulated jointly with 
the patient after discussion of appropriate treatments, 
the potential benefits and side-effects of those options 
and the option of deciding against treatment. Several 
methods of treatment may be used in the same patient, 
either concomitantly or sequentially. 

The range of interventions for chronic pain is 
shown in Figure 46.3. 


Patient in 


pain 


Medication 


Many patients in pain are prescribed analgesic drugs. 
The pharmacology of these agents is discussed fully 
elsewhere (see Ch 5) and only aspects of particular rele- 
vance to their use in chronic pain are mentioned below. 


Cancer Pain 


Approximately 75% of patients with advanced 
cancer develop significant pain before death. Most 
cancer pain responds to pharmacological mea- 
sures, and successful treatment is based on simple 


Assessment: 


physical and simple 
psychological 


Information to patient 
Patient education 


Self-management 


advice 


Analgesics 


Reversible 
Local 
anaesthetics 
and steroids 


Conventional Unconventional 
Paracetamol 


to Antidepressants 


morphine 


Anticonvulsants 


Others 


FIGURE 46.3 


Block nerve 
transmission 


Irreversible 
Neurolysis 
Radiofrequency 
Cordotomy 


Stimulation Psychology 


TENS 
Spinal Cord 
stimulation 

Acupuncture 


Individual psychology 
Pain management 
programmes 


Management pathway for patient in pain. (Adapted from Moore et al 2003) 
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Strong opioid 
+/— adjuvant 
+/— NSAID 


Weak opioid 
+/— adjuvant 
+/— NSAID 


Non-opioid/NSAID 
+/— adjuvant 


FIGURE 46.4 ™ The WHO analgesic ladder. 


principles that have been promoted by the World 
Health Organization and are extensively validated. 
Analgesic drugs should be taken ‘by mouth, ‘by the 
clock’ (i.e. regularly) and ‘by the analgesic ladder’ 
(Fig. 46.4). Cancer pain is continuous and medica- 
tion must be taken regularly. It is given orally un- 
less intractable nausea and vomiting occur or there 
is a physical impediment to swallowing. The first 
step on the ‘analgesic ladder’ is a non-opioid, such 
as paracetamol, aspirin or a non-steroidal anti- 
inflammatory drug (NSAID). If this is inadequate, a 
weak opioid such as codeine is added. The third step 
is substitution of the weak opioid by a strong opioid. 
Inadequate pain control at one level requires pro- 
gression to a drug on the next level, rather than to an 
alternative of similar efficacy. Adjuvant analgesics, 
such as tricyclic or SNRI antidepressants, NSAIDs or 
anticonvulsants, may be used at any stage. 

Using these strategies, pain may be controlled suc- 
cessfully in about 90% of patients with cancer pain 
without resorting to other interventions. 


Paracetamol 


Paracetamol 4g daily is a better analgesic than placebo, 
but probably not as effective as NSAIDs. However, in 
the elderly patient, paracetamol may be useful because 
of its low side-effect profile. 


Non-Steroidal Anti-Inflammatory Drugs 


NSAIDs possess analgesic and anti-inflammatory action 
and are used widely in the management of mild to mod- 
erate pain. They are effective analgesics for pain from 
osteoarthritis, rheumatoid arthritis, dysmenorrhoea 


and bone metastases. NSAIDs are not without adverse 
effects, the most worrying of which are an increased in- 
cidence of gastric ulcers, adverse effect on renal function 
and a potentially increased thrombotic risk, which has 
resulted in the European Medicines Agency stating that 
NSAIDs should be used in the lowest effective dose for 
the shortest possible duration. 
Topical NSAIDs also provide effective pain relief. 


Opioid Analgesics 

Non-Cancer Pain. Weak opioid drugs, e.g. dihydro- 
codeine, are useful for moderate pain. However, they 
may be taken in excess, and often with only little ben- 
efit, by the patient with chronic non-malignant pain. 
Treatment in the pain management clinic may involve 
weaning the patient off such medication. 

The use of strong opioids in non-malignant pain is 
controversial. There are trials of opioids in non-cancer 
pain which do show evidence of efficacy of opioids 
over placebo. However, these studies are often selective 
with regard to the patient and are short in duration, 
i.e. up to 3 months. Other studies have concluded that 
chronic opioid therapy exacerbates psychological dis- 
tress, impairs cognition and worsens outcome. There 
is also concern about opioid-induced hyperalgesia, 
immune function and fertility. The controversy is also 
compounded by the perceived risk of psychological 
dependence (addiction) and the poorly understood 
phenomenon of tolerance. The British Pain Society 
has published recommendations for the appropriate 
use of opioids for persistent non-cancer pain and also 
specific information for patients on this subject. 


Opioid Drugs 
Morphine is the strong oral opioid of choice. 
Immediate-release oral morphine, either in liquid or 
tablet form, is given as often as necessary in increas- 
ing dosage until pain is controlled. When the required 
daily dose has been established, it is usual to convert to 
sustained-release morphine tablets, which need to be 
taken only once or twice daily. In addition, immediate- 
release morphine elixir or tablets should be prescribed 
for breakthrough cancer pain. The dose of morphine 
necessary to treat breakthrough cancer pain is one- 
sixth of the total daily morphine requirement. 
Education of the medical and nursing professions, 
and also the cancer patient and family, is still necessary 


to ensure that adequate doses of opioids are prescribed 
and taken. Healthcare professionals often overestimate 
the side-effects of morphine. Respiratory depression is 
uncommon when morphine is prescribed for cancer 
pain. Surveys have shown that patients are concerned 
about side-effects of morphine, especially tolerance, 
addiction, constipation and drowsiness. Tolerance does 
not appear to be a problem clinically. Disease progres- 
sion may necessitate an increase in dose, but there is 
no upper limit to the dose of morphine in cancer pain 
and pain control is usually regained without difficulty. 
Addiction (psychological dependence) is very uncom- 
mon in patients with cancer pain, and if the pain is re- 
lieved by other means, such as radiotherapy or a nerve 
block, many patients will stop taking opioids. Physical 
dependence always occurs and patients should be 
warned not to stop opioids precipitously. Nausea and 
vomiting may occur when treatment with morphine 
is started and an antiemetic may be prescribed for the 
first week, but often it may then be stopped. Sedation 
and cognitive impairment may occur as the dose is in- 
creased but these usually resolve. There is no tolerance 
to the constipating effect of morphine and laxatives 
need to be taken regularly. A phenomenon of opioid- 
induced hyperalgesia has been described, in which the 
patient suffers increasing pain, often of a widespread 
nature. It is thought that opioid-induced hyperalgesia 
develops as a result of activation of spinal cord mecha- 
nisms. Clinically, tolerance and disease progression 
need to be ruled out. The treatment of opioid-induced 
hyperalgesia involves decreasing the dose of opioid, 
switching to another opioid or the use of centrally act- 
ing analgesics such as ketamine. 

Efforts should be made to reassure cancer patients 
and relatives of the efficacy and safety of morphine 
analgesia in both short and long term to ensure that 
medication is taken regularly. 


Alternative Opioids and Alternative Routes of 
Administration. Oxycodone hydrochloride is a semi- 
synthetic congener of morphine. It is available as an 
immediate-release and a sustained-release prepara- 
tion. It is approximately twice as potent as morphine 
(i.e. 5mg of oxycodone is equivalent to 10 mg of oral 
morphine). Its advantage in renal failure is the lack 
of detectable clinically relevant active metabolites, 
therefore avoiding accumulation. Prolonged release 
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oxycodone is available in combination with prolonged 
release naloxone to counteract constipation. 

Hydromorphone is a semisynthetic opioid with a 
rapid onset and a shorter duration of action than mor- 
phine. It is more potent than morphine, with 1.3 mg 
of hydromorphone being equivalent to 10 mg of mor- 
phine. Immediate-release, sustained-release prepara- 
tions and parenteral preparations are available. 

Methadone is a potent opioid analgesic and also 
possibly an N-methyl-D-aspartate (NMDA) receptor 
antagonist. Methadone is absorbed rapidly by the oral 
route and has a long half-life which may range from 
13 to 51 h. Initial dosing must be monitored carefully 
because relatively small doses of methadone may be 
needed in comparison with the previous opioid dose. 
When repeated doses are given, the drug accumulates 
and after the first few days, the frequency of adminis- 
tration may need to be reduced to two or three times 
daily. Methadone should be considered a third-line 
drug indicated for cancer pain which appears poorly 
responsive to morphine, diamorphine, fentanyl, oxy- 
codone or hydromorphone in spite of dose escalation 
and the use of adjuvant drugs. Methadone is available 
as tablets, linctus and injection. 


Transdermal Drug Delivery. If a patient is unable to 
take medication by mouth, there are various alterna- 
tive routes for opioid administration. A transdermal 
drug delivery system has been developed for fentanyl 
and buprenorphine. Fentanyl patches are applied to 
the skin and drug from the reservoir diffuses through 
the rate-controlling membrane and forms a subcu- 
taneous depot from which the drug is taken up into 
the circulation. There is wide variation in absorption 
rates and time to steady-state serum concentrations of 
fentanyl. After removal of the patch, the terminal half- 
life has been shown to be 17+2.3h, indicative of the 
time taken for the drug to clear from the subcutaneous 
depot. Transdermal fentanyl is available in patches 
which deliver 12.5, 25, 50, 75 or 100 pg h“ of fentanyl. 
They should be placed on unbroken skin, usually on 
the upper body, and need to be changed every 72h. 
An appropriate dose of immediate-release morphine 
or a buccal or transnasal fentanyl preparation should 
be prescribed for breakthrough pain. 

Buprenorphine patches are matrix patches in which 
buprenorphine is incorporated within an adhesive 
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matrix, allowing constant release of buprenorphine 
into the systemic circulation at a predetermined rate 
over a minimum of 72h. The dose of buprenorphine 
delivered is dependent upon the amount of drug 
held in the matrix and the area of the patch. Patch 
strengths available are 5, 10, 20, 35, 52.5 and 70 pg h“ 
and patches should be applied either weekly or twice 
weekly, depending on the dose. 

Pharmacokinetic data are of the utmost impor- 
tance when considering changing medication from 
an opioid delivered by patch technology to an oral or 
parenteral opioid or vice versa. Patches are suitable for 
patients who cannot, or prefer not to, take oral medi- 
cation or who are intolerant of morphine. However, 
the delay in onset of analgesia makes them unsuitable 
for treatment of acute pain. A table showing mor- 
phine equivalent doses of a variety of patches is avail- 
able in the British Pain Society booklet ‘Opioids for 
persistent pain’. 


Subcutaneous Administration. Continuous subcuta- 
neous administration is another alternative method 
of administration if oral medication cannot be taken. 
A small, portable battery-operated syringe driver fit- 
ted with a 20mL syringe containing the total daily 
opioid dose is usually used. Because of its greater sol- 
ubility, diamorphine is the drug of choice in the UK 
for this route of administration. A conversion ratio of 
3mg oral morphine to 1 mg subcutaneous diamor- 
phine is used. 


Spinal Administration. Opioids may be administered 
spinally, either epidurally or intrathecally, for: 


m patients whose pain is controlled effectively by 
oral opioids but who suffer intolerable unaccept- 
able side-effects, such as drowsiness or vomiting 

m patients whose pain cannot be controlled by the 
use of oral or systemic opioids. 


Only a small proportion (less than 2%) of patients 
with cancer pain are candidates for spinal opioids. 
Much smaller doses of drug are required when given 
spinally and thus side-effects are minimized. The daily 
dose of morphine via the epidural route is 1/10 of 
the oral 24-h dose and the intrathecal dose is 1/10 of 
the epidural dose. Contraindications to the insertion 
of a spinal catheter are similar to those in the acute 


situation. Side-effects, such as respiratory depression, 
itching and urinary retention which cause such con- 
cern in the opioid-naive patient are rare in cancer pa- 
tients who have been chronically exposed to systemic 
opioids. 

The field of spinal opioid therapy is sufficiently 
new that guidelines for selection of route (intrathe- 
cal or epidural), choice of drug (opioid or opioid/ 
local anaesthetic combination), administration pro- 
tocol (intermittent bolus or continuous infusion) and 
equipment (tunnelled or totally implanted catheter 
and reservoir) are still being formulated. 

Before introducing this technique, it is essential to 
devise formal protocols and an education programme 
for hospital, hospice and primary care nurses and doc- 
tors to facilitate management of the patient in any of 
these settings. 


Co-Analgesics 


These are drugs which have primary indications other 
than pain but are analgesic in some painful conditions. 
Full explanation regarding this must be given to the 
patient. The National Institute for Health and Clinical 
Excellence (NICE) has recognized the analgesic prop- 
erties of these drugs. 


Anticonvulsants. Anticonvulsants are used in the treat- 
ment of neuropathic pain. The precise mechanism of 
action varies among different anticonvulsants. For ex- 
ample, it is thought that carbamazepine blocks sodium 
channels and that gabapentin and pregabalin act on 
the aô subunit of the calcium channel. Therefore, if 
one anticonvulsant at maximum dosage is ineffective, 
then it is worthwhile trying another. Gabapentin, pre- 
gabalin, carbamazepine, oxcarbazepine, lamotrigine 
and phenytoin are used in neuropathic pain and tri- 
geminal neuralgia. 

In a variety of neuropathic pains, anticonvul- 
sants have a number needed to treat (NNT) of 
less than 5 for at least 50% relief of pain, indicat- 
ing that they are moderately effective for some pa- 
tients. Data from studies show that for every patient 
who benefited, one had a minor adverse effect but 
continued with the treatment. Sedation, ataxia and 
weight gain are common side-effects of these drugs 
and may limit dose escalation, especially in the 
elderly. 


Tricyclic and SNRI Antidepressants. Tricyclic and 
SNRI antidepressants have a role in the management 
of pain, independent of their effect on mood. Tricyclic 
drugs and SNRIs are postulated to act as analgesics by 
reducing the reuptake of the amine neurotransmitters 
noradrenaline and serotonin into the presynaptic ter- 
minal, increasing the concentration and duration of 
action of these substances at the synapse and thereby 
enhancing activity in the descending inhibitory pain 
pathway. Tricyclics also block sodium channels and 
suppress ectopic neuroma discharge. 

Animal models of acute pain have consistently 
demonstrated the antinociceptive effect of tricyclic 
drugs. Controlled clinical trials of both tricyclics 
and SNRI antidepressants have shown beneficial re- 
sults in postherpetic neuralgia, diabetic neuropathy, 
atypical facial pain and central pain. The NNT for 
effectiveness for antidepressants in neuropathic pain 
ranges from 2.9 for tricyclics to 5.8 for SNRIs. The ef- 
fective dose of a tricyclic drug for analgesia is usually 
lower than that required for depression (although a 
dose response for analgesia has been demonstrated) 
and analgesia is apparent in 3—4 days compared with 
3—4 weeks for antidepressant effects. Amitriptyline 
is the commonest tricyclic drug prescribed as an an- 
algesic and the normal starting dose is 10-25 mg at 
night. Side-effects include sedation (which can be 
beneficial), constipation and a dry mouth. Other tri- 
cyclic drugs used as analgesics include imipramine 
and nortriptyline. 

Selective serotonin reuptake inhibitors, such as 
fluoxetine, appear to be less effective analgesics. 


Antiarrhythmic Drugs 


Sodium channel blockers may be used to reduce pain 
caused by nerve damage. Both intraveneous lidocaine 
(up to 5mg kg") and oral mexiletine reduce neuro- 
pathic pain. Intravenous lidocaine appears effective 
in fibromyalgia (based on small patient numbers). 
Unfortunately, the benefits of lidocaine are short-lived 
and the studies are generally small. 

Plasters containing 5% lignocaine have been rec- 
ommended as another first-line drug for patients 
with postherpetic neuralgia or focal neuropathy with 
allodynia, based on three published positive trials. 
These plasters need to be applied daily for 12h out 
of every 24h. 
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Ketamine. Ketamine is an NMDA receptor antagonist 
which has been used successfully as an analgesic via in- 
travenous, subcutaneous and oral routes. Psychometric 
side-effects may be a problem. 


Capsaicin. Capsaicin is an alkaloid derived from chil- 
lies. It depletes substance P in local sensory nerve 
terminals. Local application may alleviate pain in 
painful diabetic peripheral neuropathy, osteoarthritis, 
postherpetic neuralgia, intercostobrachial neuralgia 
and psoriasis. 

Recently, a capsaicin 8% plaster has been developed 
for use in treating neuropathic pain (except diabetic 
peripheral neuropathy). Although there is evidence of 
efficacy when used on a three-monthly basis, it is too 
early to say what its place will be in treating neuro- 
pathic pain. 


Cannabinoids. Animal studies suggest that canna- 
binoids reduce hyperalgesia and allodynia in neuro- 
pathic, inflammatory and cancer pain. Human trials 
have also reported modest benefit in neuropathic pain. 
Cannabinoids act on CB, receptors, which are located 
in the brain, and their CB, counterparts found periph- 
erally. Further research is needed to identify which 
cannabinoids may produce analgesia without psycho- 
tropic side-effects. 


Oral Corticosteroids. The mechanism by which corti- 
costeroids produce analgesia is unknown. They reduce 
inflammatory mediators, specifically prostaglandins. 
They reduce peritumour oedema, thus relieving pain 
by reducing pressure on adjacent pain-sensitive struc- 
tures. They are administered for cerebral metastases, 
spinal cord compression, superior vena caval compres- 
sion and neural infiltration or compression. In cancer 
patients, they are also prescribed for their euphoric 
effect and to stimulate appetite. 


Interventional Pain Therapies 


Therapeutic interventional therapies in the manage- 
ment of chronic and malignant pain have been per- 
formed for many years and include various types of 
nerve block and minimally invasive surgical proce- 
dures. There has been discussion and controversy 
regarding effectiveness, but significant progress has 
been made over the last two decades in establishing 
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some evidence base for their use. Such techniques are 
often included as part of the multidisciplinary man- 
agement of chronic pain. 

Nerve blocks have been performed for many years 
in the management of pain. A nerve block comprises 
an injection of a local anaesthetic (sometimes com- 
bined with steroid) or a neurolytic agent around a 
peripheral or central sensory nerve, a sympathetic 
plexus or a trigger point. Correct use of interven- 
tional procedures in the treatment of chronic pain 
requires an experienced practitioner with a thor- 
ough knowledge of anatomy and an understanding 
of pain syndromes. Interventions should be un- 
dertaken in appropriate locations, usually day-case 
theatre suites, by clinicians who are fully acquainted 
with the techniques involved and who are compe- 
tent to manage the complications which may arise. 
The use of radiological control and contrast media, 
ultrasound guidance or peripheral nerve stimu- 
lation is strongly advocated to confirm accurate 
needle placement. 


Dorsal rhizotomy 


Lamina 


Dura 


Anterolateral 
cordotomy 


Vertebral body 


FIGURE 46.5 


Potential sites for neural blockade are shown in 
Figure 46.5, and indications for neural blockade are 
listed in Table 46.2. Some comments about commonly 
performed nerve blocks are made in the section be- 
low. For a full description of the techniques of neural 
blockade, the reader should consult suggested texts in 
the further reading section. 


Agents 


Local Anaesthetics. Local anaesthetics block sodium 
channels and may be used for both diagnostic and 
therapeutic injections. They have been injected into 
muscle trigger points for the relief of myofascial pain 
and it has been shown that prolonged relief of pain 
may result sometimes from local anaesthetic blocks to 
peripheral nerves. 


Corticosteroids. Corticosteroids have been shown to 
block transmission in normal unmyelinated C fibres 
and to suppress ectopic neural discharges in experi- 
mental neuromas. They are sometimes added to local 


Intrathecal block 


Extradural block 


Paravertebral block 


Peripheral nerve block 


Paravertebral sympathetic ganglia 
(lumbar sympathetic block) 


Prevertebral sympathetic ganglia 
(coeliac plexus block) 


Potential sites for neural blockade. 


TABLE 46.2 


Indications for Neural Blockade 


Nerve Block 


Indications 


Trigger point injections 


Myofascial pain, scar pain 


Somatic nerve block 


Nerve root pain, scar pain 


Trigeminal nerve block and 
branches 


Trigeminal neuralgia 


Stellate ganglion block 


SMP, CRPS 


Coeliac plexus block 


Intra-abdominal 
malignancy, especially 
pancreas 


Superior hypogastric plexus 
block 


Malignant pelvic pain 


Lumbar sympathetic block 


Ischaemic rest pain 
SMP, CRPS 
Phantom and stump pain 


Epidural steroids/root canal 
injections 


Nerve root pain, benign or 
malignant 


Lumbar and cervical medial 


branch blocks 


Back pain 
Whiplash cervical pain 


Intrathecal neurolytics 


Malignant pain 


Percutaneous cervical 
cordotomy 


Unilateral somatic 
malignant pain, short life 


expectancy 


SMP, sympathetically maintained pain; CRPS, complex regional pain 
syndrome. 


anaesthetics in nerve blocks and for injection into 
painful scars. 


Botulinum Toxin. Botulinum toxin has been used for 
the treatment of temporomandibular dysfunction, mi- 
graine and vulvodynia. No firm data on effectiveness 
is available. 


Neurolytic Techniques 


Neural destruction can be produced by chemical or 
thermal means. In general, the use of neurolytic tech- 
niques has diminished in the last two decades. There 
are many reasons for this, including the improved use 
of analgesic drugs, the recognition that the effect of 
neuroablative procedures is often transient, the devel- 
opment of neurostimulatory techniques and appre- 
ciation of the cognitive and behavioural elements of 
pain. The clinical indications for neurolytic techniques 
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are now limited to patients with cancer pain and a few 
selected non-cancer conditions. Careful thought with 
regard to the potential benefits and risks of the proce- 
dure, appropriate patient selection and fully informed 
consent are essential before performing a neurolytic 
procedure. 


Chemical Neurolysis. The commonest neurolytic 
agents used are phenol and ethyl alcohol. Phenol 
acts by coagulating proteins and destroys all types of 
nerves, both motor and sensory. It is available in water 
or in glycerol. Its most frequent indication is for lum- 
bar sympathetic block for peripheral vascular disease. 
Large systemic doses cause convulsions followed by 
central nervous system depression and cardiovascular 
collapse. Alcohol is the neurolytic agent of choice for 
coeliac plexus block in patients with intractable ab- 
dominal pain due to pancreatic cancer, when the large 
volume required prohibits the use of phenol. It pro- 
duces a higher incidence of neuritis than phenol and is 
not used for other blocks. 


Radiofrequency Lesions. Radiofrequency lesioning 
is indicated for patients in whom non-invasive treat- 
ments have failed. A destructive heat lesion is pro- 
duced by a radiofrequency current generated by a 
lesion generator. The radiofrequency electrode com- 
prises an insulated needle with a small exposed tip. A 
high frequency alternating current flows from the elec- 
trode tip to the tissues, producing ionic agitation and a 
heating effect in tissue adjacent to the tip of the probe. 
The magnitude of this heating effect is monitored by a 
thermistor in the electrode tip. Damage to nerve fibres 
sufficient to block conduction occurs at temperatures 
above 45°C, although in practice most lesions are made 
with a probe tip temperature of 60—80°C. An integral 
nerve stimulator is used to ensure accurate positioning 
of the probe. Whereas the spread of neurolytic solu- 
tions is unpredictable, radiofrequency lesions are more 
precise. The size of the lesion depends on the tip tem- 
perature, the duration of the current and the length 
of the exposed needle tip. Lower-temperature lesions 
are now being used in an attempt to produce analgesia 
without nerve destruction in pulsed radiofrequency 
lesioning. 

Radiofrequency lesions of the trigeminal nerve may 
be used to treat trigeminal neuralgia in the elderly 
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patient whose pain is uncontrolled by anticonvulsant 
drugs and who is unsuitable for microvascular de- 
compression. Radiofrequency lesions of spinal nerves, 
including the medial branch of the dorsal ramus, are 
used in some spinal conditions. 


Epidural Steroids 


Epidural steroids have been used since 1962 for nerve 
root pain. A recent meta-analysis of all randomized, 
controlled trials has concluded that epidural adminis- 
tration of corticosteroids is more effective in reducing 
lumbosacral radicular pain (in both the short and long 
term) than placebo. In addition, McQuay and Moore 
(1998) have addressed the question “How well do they 
work?’ by investigating the short-term (1-60 days) and 
long-term (12 weeks—1 year) efficacy of epidural ste- 
roids for sciatica. They used the NNT as a measure of 
clinical benefit. The NNT for short-term, greater than 
75% pain relief was just under 7.3. The NNT for long- 
term (12 weeks—1 year) improvement was 13 for 50% 
pain relief. 

The use of epidural steroids is not without poten- 
tial hazards and controversy. The most common side- 
effects relate not to the steroid but to technical aspects 
of the technique. There have been reports of dural tap 
(2.5%), transient headache (2.3%) and transient in- 
crease in pain (1.9%). As with any spinal injection, an 
aseptic technique must be used and the usual contra- 
indications observed. Methylprednisolone acetate and 
triamcinolone are the steroids most commonly used. 
It has been shown that neither of these preparations 
is deleterious when injected into the epidural space. 
However, they may have harmful effects if injected in- 
advertently into the subarachnoid or subdural spaces. 

Before an epidural steroid injection is undertaken, 
the patient should receive a consultation during which 
the perceived merits, expectations, risks and possible 
complications are explained fully. This should include 
an explanation that the steroid preparation is being 
used outside its product licence. The doctor should be 
satisfied that the procedure is indicated, that appropri- 
ate neurological examination and investigations have 
been performed and that there is no contraindication 
to the procedure. Written consent should be obtained. 
Arrangements should be made for the outcome to be 
monitored formally by the doctor or team who pre- 
scribed the procedure or the one who performed it. 


Provision should be made for an earlier consultation 
if necessary. 


Spinal Endoscopy 


Spinal endoscopy is a minimally invasive procedure 
developed to enable the physician to visualize the epi- 
dural space and nerve roots. The epidural space can 
be accessed with a spinal endoscope and a steerable 
catheter via the sacral hiatus. This technique allows 
for a direct visual examination of a specific nerve root 
and any associated pathology. The catheter is used as 
a blunt dissector to lyse adhesions which encapsulate 
the affected nerve root. In addition, irrigation of the 
nerve root with saline may ‘wash away’ inflammatory 
mediators. 


Nerve Root Injection 


Local anaesthetics and steroids may be injected around 
a nerve root as it emerges from the intervertebral fo- 
ramen. This is an alternative to an epidural steroid 
injection and may be useful when the level of nerve 
compression is demonstrated by an MR scan. X-ray 
screening is essential. This technique may be used in 
the cervical, thoracic and lumbar regions. 


Medial Branch Block of the Dorsal Ramus (Lumbar 
and Cervical Facet Nerve Blocks) 


Chronic back and neck pain are common complaints 
in pain management clinics. Lumbar and cervical facet 
joints are considered to be potential sources. Injections 
of local anaesthetic and steroid into both lumbar and 
cervical facet medial branch nerves are performed 
commonly, although there is controversy about long- 
term benefit. Radiofrequency lesions of the facet 
nerves have been reported to give long-term relief in 
appropriately selected patients. 


Sympathetic Nerve Blocks 


Visceral nociceptive afferents travel in the sympa- 
thetic nervous system to the spinal cord. Visceral pain 
tends to be less opioid-sensitive than somatic pain. 
Percutaneous sympathetic blocks may therefore be 
useful in the management of severe cancer-related vis- 
ceral pain which is poorly controlled with opioids or 
controlled only with intolerable side-effects. 
Percutaneous coeliac plexus block using 50% alco- 
hol is one of the most commonly used and effective 


blocks performed for cancer pain. It is used for pain 
resulting from upper gastrointestinal neoplasms, in 
particular carcinoma of the pancreas. Radiological 
screening, either X-ray or CT, is mandatory, altho- 
ugh this does not ensure absence of complications. 
Hypotension, especially postural hypotension, should 
be anticipated and managed appropriately. Serious 
complications are rare, but include paraplegia. 

The superior hypogastric plexus innervates the 
pelvic viscera. Superior hypogastric plexus block with 
phenol has been used for pelvic pain from cervical, 
prostatic, colonic, rectal, bladder, uterine and ovarian 
malignancy, and rectal tenesmus. 

Chemical lumbar sympathectomy using phe- 
nol is performed for inoperable ischaemic leg pain. 
Radiological screening using contrast medium is nec- 
essary to ensure correct positioning of the needle. The 
complication rate is low, the most common compli- 
cation being genitofemoral neuralgia, with a reported 
incidence varying from 4% to 15%. 

Stellate ganglion and lumbar sympathetic block 
with local anaesthetic are sometimes helpful in the 
treatment of sympathetically mediated pain, CRPS 
types I and II, amputation stump and phantom pain. 


Intravenous Regional Sympathetic Block with 
Guanethidine 


The intravenous regional guanethidine technique was 
reported in 1974 and it became a popular method of 
treating CRPS. The technique is the same as intrave- 
nous regional analgesia (IVRA), but with the addition 
of guanethidine 10-20 mg. However, a recent system- 
atic review of the randomized, controlled studies of 
intravenous regional guanethidine block in the treat- 
ment of CRPS failed to show evidence of effectiveness. 


Stimulation-Induced Analgesia 


Transcutaneous electrical nerve stimulation, spinal 
cord stimulation, deep brain stimulation and acu- 
puncture may produce stimulation-induced analgesia. 


Transcutaneous Electrical Nerve Stimulation 


Transcutaneous electrical nerve stimulation (TENS) 
has been used widely since Melzack and Wall proposed 
the gate control theory in 1965. They postulated that 
large-diameter primary afferents exert a specific inhibi- 
tory effect on dorsal horn nociceptive neurones and 
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FIGURE 46.6 A transcutaneous electrical nerve stimulator. 


that stimulation of these fibres would alleviate pain. 
Conventional TENS produces high-frequency, low- 
intensity stimulation which relieves pain in the area in 
which it produces paraesthesia. Stimulation variables 
of TENS may be altered to produce low-frequency acu- 
puncture-like TENS, which, unlike conventional TENS, 
produces analgesia which is antagonized by naloxone. 

A small battery-powered unit is used to apply the 
electrical stimulus to the skin via electrodes (Fig. 46.6). 
These are placed over the painful area, on either side of 
it or over nerves supplying the region, and stimulation 
is applied at an intensity which the patient finds com- 
fortable. Adverse effects are minimal, with allergy to the 
electrodes being the commonest problem encountered. 
TENS is used for a variety of musculoskeletal pains 
and has been advocated recently for refractory angina. 
Tolerance to TENS does occur sometimes. It may be pos- 
sible to overcome this by changing stimulation variables. 

TENS has been used also for acute postoperative 
pain and for analgesia for the first stage of labour. 
However, there is evidence of lack of analgesic effect 
in both these areas, although women using it as a 
method of pain relief tend to favour it for future births. 
Although studies have shown clear benefit from the use 
of TENS in chronic pain, there is a general lack of evi- 
dence for effectiveness of TENS rather than evidence of 
lack of effect. 


Spinal Cord Stimulation 


The National Institute for Health and Clinical 
Excellence (NICE) has produced guidance recom- 
mending spinal cord stimulation (SCS) as a treatment 
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option for adults with severe chronic neuropathic 
pain, following assessment by a multidisciplinary pain 
team experienced in spinal cord stimulation and a 
positive trial stimulation. Electrical stimulation may 
be applied to the spinal cord via electrodes implanted 
surgically or positioned percutaneously in the epi- 
dural space under X-ray control. To be effective, the 
stimulating electrode must be positioned to produce 
artificial paraesthesia in the distribution of the pain. 
It is usual practice for the patient to undergo a period 
of trial stimulation. Patients showing substantial im- 
provement in pain relief and other outcome measures 
may be considered for permanent implantation of a 
battery-driven stimulus generator. The patient uses a 
magnet to activate the stimulator. 


Acupuncture 


The Chinese have believed for 4000 years that insert- 
ing needles at specific points in the body produces an- 
algesia. According to Chinese philosophy chi, the life 
force, circulates around the body in pathways termed 
meridians. Injury and illness can block the flow of chi, 
causing pain and disease. Acupuncture is believed to re- 
lease these blocks and balance the energy of the patient. 
Traditionally, acupuncture points are stimulated by the 
insertion of fine needles, which are then rotated manu- 
ally or stimulated by heat (moxibustion) or electrically. 

Acupuncture is widely used for treating chronic 
pain and yet there is little evidence that it is effective in 
the long term. Acupuncture may also cause harm, such 
as infection or pneumothorax. 


Psychological Techniques 


Pain is not merely a sensation of tissue damage, but 
a complex interaction of biochemical, behavioural, 
cognitive and emotional factors. Chronic pain patients 
become anxious, depressed, distressed, functionally 
impaired and lose self-esteem. These important aspects 
should be addressed in the pain management clinic. A 
clinical psychologist is an essential member of the pain 
management team. A cognitive and behavioural ap- 
proach investigates how thoughts (often negative) and 
behaviours (often maladaptive) reinforce the chronic 
pain state. Cognitive and behavioural techniques can 
be used to reduce the helplessness and hopelessness of 
the pain patient and to increase the level of function- 
ing and emotional well-being in spite of the pain. 


Pain Management Programme 


A pain management programme is a psychologi- 
cally based rehabilitative treatment for patients with 
chronic pain which remains unresolved by currently 
available medical or other physically based treatments. 

The aim of a pain management programme is to 
reduce the disability and distress caused by chronic 
pain by teaching sufferers physical, psychological and 
practical techniques to improve their quality of life. It 
aims to enable patients to be self-reliant in managing 
their pain. It differs from other treatment provided in 
the pain clinic in that pain relief is not the primary 
goal. 

A pain management programme is facilitated by a 
multidisciplinary healthcare team. Key clinical staff in- 
clude a doctor with experience in pain management, 
a clinical psychologist, a physiotherapist and an oc- 
cupational therapist, all trained in pain management. 
Information and education about the nature of pain 
and its management, medication review and advice, 
psychological assessment and intervention, physical 
reconditioning, advice on posture and graded return 
to the activities of daily living are components of pain 
management programmes. 


EVIDENCE-BASED PRACTICE 


There is an increasing drive for evidence-based medi- 
cine and for offering to patients only those interven- 
tions which are known to be effective. For some of 
the procedures commonly used in the pain manage- 
ment clinic, the evidence of effectiveness is available 
(e.g. cognitive and behavioural interventions and 
some medications for specific pain problems) but fur- 
ther work is required to gather this evidence for other 
interventions. 


COSTS OF PAIN MANAGEMENT 
SERVICES 


There is little information on the costs of pain man- 
agement services. A detailed study of the costs incurred 
by users of specialty pain clinic services in Canada has 
shown that users incur less direct healthcare costs than 
nonusers with similar conditions. Similar results were 
shown by a small study of NHS pain clinic attendees. 
This showed that the pain clinic covered its costs by 


reducing consumption elsewhere and by reducing GP 
consultations and private treatments. 

Advances in knowledge of pain pathophysiology 
and new methods of brain imaging, such as fMRI 
and PET scanning, and increasingly close coopera- 
tion between scientists and clinicians, have led to 
a better understanding of mechanisms sustaining 
chronic pain and an increase in therapeutic options. 
In addition, the increasing acceptance by the medi- 
cal profession and the general public of the impor- 
tance of psychological factors in chronic pain has 
opened up new treatment opportunities. There is 
evidence of the effectiveness of many of the treat- 
ments used in the management of chronic pain, 
but further work is needed on those interventions 
for which information is lacking and in identify- 
ing which patients may benefit most from specific 
treatments. 
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RESUSCITATION 


INTRODUCTION 


Without intervention, cardiac arrest may lead to per- 
manent neurological injury after just three minutes. 
The interventions that contribute to a successful out- 
come after a cardiac arrest can be conceptualized as a 
chain — the Chain of Survival (Fig. 47.1). 

The four links in this chain are: 


= Early recognition — to potentially enable preven- 
tion of cardiac arrest — and call for help 

= Early cardiopulmonary resuscitation (CPR) 

m Early defibrillation 

= Post-resuscitation care. 


This chapter includes some background to the 
epidemiology and the prevention of cardiac arrest. It 
details the principles of initiating CPR in-hospital, de- 
fibrillation, advanced life support (ALS), post-resusci- 
tation care and potential modifications to ALS when 
cardiac arrest occurs intraoperatively. 


SCIENCE AND GUIDELINES 


The 2010 International Consensus on Cardio- 
pulmonary Resuscitation and Emergency Cardiovasc- 
ular Care Science with Treatment Recommendations 
summarizes all the current science underpinning 
CPR. The European Resuscitation Council (ERC) 
and Resuscitation Council (UK) Guidelines for 
Resuscitation 2010 are derived from the 2010 consen- 
sus document and have been used as source material. 


EPIDEMIOLOGY 


Ischaemic heart disease is the leading cause of death 
in the world. In Europe, sudden cardiac arrest is 
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responsible for more than 60% of adult deaths from 
coronary heart disease. In Europe, the annual inci- 
dence of emergency medical services (EMS)-treated 
out-of-hospital cardiopulmonary arrest (OHCA) for 
all rhythms is 35 per 100000 population. The an- 
nual incidence of EMS-treated ventricular fibrillation 
(VE) arrest is 17 per 100000 and survival to hospital 
discharge is 10.7% for all-rhythm and 21.2% for VF 
cardiac arrest. There is some evidence that long-term 
survival rates after cardiac arrest are increasing. On 
initial heart rhythm analysis, about 25-35% of OHCA 
victims have VF, a percentage that has declined over 
the last 20 years. Immediate CPR can double or triple 
survival from VF OHCA. After VF OHCA, each min- 
ute of delay before defibrillation reduces the probabil- 
ity of survival to discharge by about 10%. 

The incidence of in-hospital cardiac arrest is difficult 
to assess because it is influenced heavily by factors such 
as the criteria for hospital admission and implementation 
of a do-not-attempt-resuscitation (DNAR) policy. The 
reported incidence of in-hospital cardiac arrest is in the 
range of 1-5 per 1000 admissions. Data from the American 
Heart Association’s National Registry of CPR indicate that 
survival to hospital discharge after in-hospital cardiac ar- 
rest is 17.6% (all rhythms). The initial rhythm is VF or 
pulseless VT in 25% of cases and, of these, 37% survive 
to leave hospital; after pulseless electrical activity (PEA) or 
asystole, 11.5% survive to hospital discharge. Preliminary 
data from the United Kingdom National Cardiac Arrest 
Audit (NCAA), which includes all individuals receiving 
chest compressions and/or defibrillation and attended by 
the hospital-based resuscitation team (or equivalent) in 
response to a 2222 call, indicates that the survival to hos- 
pital discharge after all-rhythm cardiac arrest is 19.5%. 


Early CPR 
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Snt cardiac 8 to buy time 
FIGURE 47.1 
PREVENTION 


Out of hospital, recognition of the importance of chest 
pain enables victims or bystanders to call the EMS and 
receive treatment that can prevent cardiac arrest. 

Cardiac arrest in hospital patients in unmoni- 
tored ward areas is not usually a sudden unpredict- 
able event; it is also not usually caused by primary 
cardiac disease. These patients often have slow and 
progressive physiological deterioration, involving 
hypoxaemia and hypotension that has been un- 
noticed by staff, or recognised but treated poorly. 
Many such patients have unmonitored arrests, and 
the underlying cardiac arrest rhythm is usually 
non-shockable; the preliminary NCAA data show 
that survival to hospital discharge for this group is 
just 7%. 


Guidelines for Prevention of In-Hospital 
Cardiac Arrest (Resuscitation Council 


(UK)) 


1. Place critically ill patients, or those at risk of clini- 
cal deterioration, in areas where the level of care is 
matched to the level of patient sickness. 

2. Monitor such patients regularly using simple vi- 
tal sign observations (e.g. pulse, blood pressure, 
respiratory rate, conscious level, temperature and 
SpO,). Match the frequency and type of observa- 
tions to the severity of illness of the patient. 

3. Use an early warning score (EWS) system or ‘call- 
ing criteria’ to identify patients who are critically 
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ill, at risk of clinical deterioration or cardiopul- 
monary arrest, or both. 

4. Use a patient vital signs chart that encourages and 
permits the regular measurement and record- 
ing of vital signs and, where used, early warning 
scores. 

5. Ensure that the hospital has a clear policy 
that requires a timely, appropriate, clinical re- 
sponse to deterioration in the patient’s clinical 
condition. 

6. Introduce into each hospital a clearly identified re- 
sponse to critical illness. This will vary between 
sites, but may include an outreach service or re- 
suscitation team (e.g. medical emergency team 
(MET)) capable of responding to acute clinical 
crises. This team should be alerted, using an early 
warning system, and the service must be available 
24 hours a day. 

7. Ensure that all clinical staff are trained in the rec- 
ognition, monitoring, and management of the 
critically ill patient, and that they know their role 
in the rapid response system. 

8. Empower staff to call for help when they identify 
a patient at risk of deterioration or cardiac arrest. 
Use a structured communication tool to ensure 
effective handover of information between staff 
(e.g. SBAR — Situation-Background-Assessment- 
Recommendation). 

9. Agree a hospital do-not-attempt-resuscitation 
(DNAR) policy, based on current national guid- 
ance. Identify patients who do not wish to receive 
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CPR and those for whom cardiopulmonary arrest 
is an anticipated terminal event for whom CPR 
would be inappropriate. 

10. Audit all cardiac arrests, ‘false arrests, unexpected 
deaths, and unanticipated intensive care unit ad- 
missions, using a common dataset. Audit the ante- 
cedents and clinical responses to these events. All 
hospitals should consider joining NCAA (https:// 
ncaa.icnarc.org). 


CARDIOPULMONARY 
RESUSCITATION 


The division between basic life support and advanced 
life support is arbitrary — the resuscitation process is 
a continuum. The keys steps are that cardiorespiratory 
arrest is recognized immediately, help is summoned, 
and CPR (chest compressions and ventilations) is 
started immediately and, if indicated, defibrillation at- 
tempted as soon as possible (ideally, within 3 min of 
collapse). 

The sequence of actions and outcome depends on: 


= Location — out-of-hospital versus in-hospital; 
witnessed versus unwitnessed; monitored versus 
unmonitored. 

m Skills of the responders — in some public places 
staff may be trained in CPR and defibrillation. 
All healthcare professionals should be able to 
recognize cardiac arrest, call for help, and start 
resuscitation. 

= Number of responders — single responders must 
ensure that help is coming. If other staff are 
nearby, several actions can be undertaken 
simultaneously. 

m Equipment available — AEDs are available in 
some public places. In hospital, ideally, the 
equipment used for CPR (including defibril- 
lators) and the layout of equipment and drugs 
should be standardized throughout the hos- 
pital. AEDs should be considered for clinical 
and non-clinical areas where staff do not have 
rhythm recognition skills or rarely need to use a 
defibrillator. 

m Response system to cardiac arrest and medical 
emergencies — outside hospital the EMS should be 
summoned. In hospital, the resuscitation team 


can be a traditional cardiac arrest team (called 
when cardiac arrest is recognized) or a MET. 


Diagnosis of Cardiac Arrest 


Many trained healthcare staff may not be able to assess 
a patient’s breathing and pulse sufficiently reliably to 
confirm cardiac arrest. Agonal breathing is common 
in the early stages of cardiac arrest and is a sign of car- 
diac arrest; it should not be confused as being a sign of 
life/circulation. Agonal breathing can also occur dur- 
ing chest compressions as cerebral perfusion improves, 
but is not indicative of a return of spontaneous cir- 
culation (ROSC). Delivering chest compressions to a 
patient with a beating heart is unlikely to cause harm. 


High-Quality CPR 

The quality of chest compressions is often poor 
and, in particular, frequent and unnecessary inter- 
ruptions often occur. Even short interruptions to 
chest compressions may compromise outcome. The 
correct hand position for chest compression is the 
middle of the lower half of the sternum. The rec- 
ommended depth of compression is at 5—6 cm and 
the rate is 100-120 compressions min™'. Allow the 
chest to recoil completely in between each compres- 
sion. If available, use a prompt and/or feedback de- 
vice to help ensure high-quality chest compressions. 
The person providing chest compressions should 
change about every 2 min, or earlier if unable to 
continue high-quality chest compressions. This 
change should be done with minimal interruption 
to compressions. 

During CPR, perfusion of the brain and myocar- 
dium is, at best, 25% of normal; successful ROSC is 
more likely the higher the coronary perfusion pressure 
(CPP). Chest compressions increase the amplitude 
and the frequency of the VF waveform and increase 
the likelihood that attempted defibrillation will be 
successful. Pauses in chest compressions of just 10 
seconds before shock delivery (pre-shock pause) re- 
duce the chances of successful defibrillation. Frequent 
interruptions in chest compressions reduce survival 
from cardiac arrest: each time chest compressions are 
stopped the CPP decreases rapidly and takes time to 
be restored to the same level once the compressions 
are restarted. 


Starting CPR in Hospital 


The sequence of actions for initiating CPR in hospital 
is shown in Figure 47.2. 


ADVANCED LIFE SUPPORT 


Arrhythmias associated with cardiac arrest are divided 
into two groups: shockable rhythms (VF/VT) and non- 
shockable rhythms (asystole and PEA). The principle 
difference in management is the need for attempted 
defibrillation in patients with VF/VT. Subsequent ac- 
tions, including chest compression, airway manage- 
ment and ventilation, vascular access, injection of 
adrenaline, and the identification and correction of 
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reversible factors, are common to both groups. The 
ALS algorithm (Fig. 47.3) provides a standardized ap- 
proach to the management of adult patients in cardiac 
arrest. 


Shockable Rhythms (VF/VT) 


The first monitored rhythm is VF/VT in approximately 
25% of cardiac arrests, both in or out of hospital. VF/ 
VT will also occur at some stage during resuscitation 
in about 25% of cardiac arrests with an initial docu- 
mented rhythm of asystole or PEA. Having confirmed 
cardiac arrest, help (including a defibrillator) is sum- 
moned and CPR initiated, beginning with chest com- 
pressions, with a compression:ventilation (CV) ratio 


Collapsed/sick patient 


Shout for HELP and assess patient 


| 


Call resuscitation team 


| 


CPR 30:2 


with oxygen and airway adjuncts 


| 


Apply pads/monitor 


Attempt defibrillation 
if appropriate 


| 


Advanced life support 
when resuscitation team arrives 


FIGURE 47.2 


Signs 
No of life? ce 


| 


Assess ABCDE 
Recognize and treat 


Oxygen, monitoring, 
i.v. access 


Call resuscitation team 
if appropriate 


| 


Handover 
to resuscitation team 


In-hospital resuscitation algorithm (adapted from 2010 Resuscitation Guidelines (Resuscitation Council UK)). 
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Unresponsive? 


Not breathing or 
only occasional gasps 


Call 
resuscitation team 


CPR 30:2 
Attach defibrillator/monitor 
Minimize interruptions 


| 


Shockable Non-Shockable 
(VF/Pulseless VT) (PEA/asystole) 
Return of spontaneous 
nock circulation 
Immediately resume Immediate post cardiac Immediately resume 
CPR for 2 min anost treatment CPR for 2 min 
Minimize interruptions e Use ABCDE approach Minimize interruptions 
e Controlled oxygenation and 
ventilation 
e 12-lead ECG 
e Treat precipitating cause 
e Temperature control/ 
therapeutic hypothermia 
During CPR Reversible Causes 
e Ensure high-quality CPR: rate, depth, recoil e Hypoxia 
e Plan actions before interrupting CPR e Hypovolaemia 
e Give oxygen e Hypo-/hyperkalaemia/metabolic 
e Consider advanced airway and capnography e Hypothermia 
e Continuous chest compressions when 
advanced airway in place e Thrombosis — coronary or pulmonary 
e Vascular access (intravenous, intraosseous) e Tamponade - cardiac 
e Give adrenaline every 3-5 min e Toxins 
e Correct reversible causes e Tension pneumothorax 


FIGURE 47.3 = The advanced life support algorithm (adapted from 2010 Resuscitation Guidelines (Resuscitation Council UK)). 


of 30:2. When the defibrillator arrives, chest compres- 
sions are continued while applying self-adhesive pads. 
The rhythm is identified and treated according to the 
ALS algorithm. 


Sequence of Actions 


m If VF/VT is confirmed, charge the defibril- 
lator while another rescuer continues chest 
compressions. 
Once the defibrillator is charged, pause the chest 
compressions, quickly ensure that all rescuers are 
clear of the patient and then give one shock. The 
person doing compressions, or another rescuer 
may deliver the shock. This sequence should be 
planned before stopping compressions. 
= Resume chest compressions immediately (30:2) 
without reassessing the rhythm or feeling for a 
pulse. 
Continue CPR for 2 min, then pause briefly to 
check the monitor: 
= If VE/VT persists: 
Give a further (2nd) shock and without reas- 
sessing the rhythm or feeling for a pulse, re- 
sume CPR (CV ratio 30:2) immediately after 
the shock, starting with chest compressions. 
= On completion of CPR for 2 min, pause briefly to 
check the monitor: 
= If VE/VT persists: 
Give a further (3rd) shock and without reas- 
sessing the rhythm or feeling for a pulse, re- 
sume CPR (CV ratio 30:2) immediately after 
the shock, starting with chest compressions. 
m If intravascular (i.v./intraosseous) access has 
been obtained, give adrenaline 1mg and amio- 
darone 300 mg once compressions have resumed. 
On completion of CPR for 2 min, pause briefly to 
check the monitor: 
= If VE/VT persists: 
Give a further (4th) shock; resume CPR im- 
mediately and continue for 2 min. 
Give adrenaline 1mg with alternate cycles 
of CPR (i.e. approximately every 3—5 min). 
= If organized electrical activity is seen during this 
brief pause in compressions, check for a pulse. 
Ifa pulse is present, start post-resuscitation care. 
If no pulse is present, continue CPR and 
switch to the non-shockable algorithm. 
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= If asystole is seen, continue CPR and switch to 
the non-shockable algorithm. 


If an organized rhythm is seen during a 2-minute 
period of CPR, do not interrupt chest compressions 
to palpate a pulse unless the patient shows signs of life 
(this may include a sudden increase in end-tidal carbon 
dioxide [P,,CO,] if this is being monitored) suggesting 
ROSC. If there is any doubt about the existence of a pulse 
in the presence of an organized rhythm, resume CPR. If 
the patient has ROSC, begin post-resuscitation care. 


Precordial Thump 


A single precordial thump has a very low success rate for 
cardioversion of a shockable rhythm and is only likely to 
succeed if given within the first few seconds of the onset of 
a shockable rhythm. There is more success with pulse- 
less VT than with VE Delivery of a precordial thump must 
not delay calling for help or accessing a defibrillator. It is 
reasonable to attempt a precordial thump if VF occurs in- 
traoperatively, but do not delay the call for a defibrillator. 


Defibrillation Strategy 


Pads Versus Paddles. Self-adhesive defibrillation pads 
have practical benefits over hand-held paddles for 
routine monitoring and defibrillation and are much 
preferred to standard defibrillation paddles. Use of 
self-adhesive pads enables the operator to defibrillate 
the patient from a safe distance and to deliver a shock 
more rapidly than with paddles. 


Safe Use of Oxygen. In an oxygen-enriched atmosphere, 
sparks from defibrillator paddles applied poorly can cause 
a fire. The use of self-adhesive defibrillation pads instead 
of manual paddles reduces the risk of sparks occurring. 


m Remove any oxygen mask or nasal cannulae and 
place them at least 1m away from the patient’s 
chest during defibrillation. 

m Leave the ventilation bag connected to the tra- 
cheal tube or other airway adjunct. Alternatively, 
disconnect the ventilation bag from the tracheal 
tube and move it at least 1m from the patient’s 
chest during defibrillation. 


Single Versus Three-Shock Strategy. If defibrillation is 
attempted immediately after the onset of VF, it is un- 
likely that chest compressions will improve the already 
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very high chance of ROSC associated with second 
or third shocks (i.e. myocardial levels of oxygen and 
adenosine triphosphate are likely to be adequate for 
the first minute or so). Thus, if VF/VT occurs during 
cardiac catheterization or in the early post-operative 
period after cardiac surgery (when chest compressions 
could disrupt vascular sutures), consider delivering up 
to three-stacked shocks before starting chest compres- 
sions. This three-shock strategy may also be considered 
for an initial, witnessed VF/VT cardiac arrest if the pa- 
tient is already connected to a manual defibrillator — 
this situation will exist perioperatively if defibrillation 
pads were applied before induction of anaesthesia. 


Defibrillation Energy. All modern defibrillators deliver 
shocks with a biphasic waveform. The initial biphasic 
shock should be at least 150J. Because of the lower efficacy 
of monophasic defibrillators for terminating VF/VT, the 
recommended initial energy level for the first shock us- 
ing a monophasic defibrillator is 360J. If an initial shock 
has been unsuccessful, deliver the second and subsequent 
shocks with a higher energy level if the defibrillator is ca- 
pable of delivering a higher energy. Manufacturers should 
display the effective waveform energy range on the face 
of the biphasic device. If you are unaware of the effective 
energy range of the device, use 200J for the first shock. 


Non-Shockable Rhythms (PEA and 
Asystole) 


Pulseless electrical activity (PEA) is defined as the ab- 
sence of any palpable pulse in the presence of cardiac 
electrical activity that would be expected to produce 
a cardiac output. There may be some mechanical 
myocardial contractions that are too weak to produce 
a detectable pulse or blood pressure — this is some- 
times described as ‘pseudo-PEA. PEA may be caused 
by reversible conditions that can be treated if they are 
identified and corrected. A relative overdose of an in- 
duction drug is a well-recognized cause of intraopera- 
tive cardiac arrest. 


Sequence of Actions for PEA 


m Start CPR 30:2 and inject adrenaline 1mg as 
soon as intravascular access is achieved. 

= Continue CPR 30:2 until the airway is secured, 
then continue chest compressions without paus- 
ing during ventilation. 


m Identify and correct any reversible causes of PEA. 
m Recheck the patient after 2 min: 
= If there is still no pulse and no change in the 
ECG appearance: 
Continue CPR; recheck the patient after 
2 min and proceed accordingly. 
Give further adrenaline 1 mg every 3-5 min 
(alternate loops). 
m If VE/VT, change to the shockable rhythm 
algorithm. 
= Ifa pulse is present, start post-resuscitation care. 


Sequence of Actions for Asystole 


m Start CPR 30:2. 

= Without stopping CPR, check that the leads are 
attached correctly. 

m Give adrenaline 1 mg as soon as intravascular ac- 
cess is achieved. 

m Continue CPR 30:2 until the airway is secured, 
then continue chest compression without paus- 
ing during ventilation. 

= Identify and correct any reversible causes of 
asystole. 

m Recheck the rhythm after 2min and proceed 
accordingly. 

m If VE/VT, change to the shockable rhythm 
algorithm. 

m Give adrenaline 1 mg i.v. every 3—5 min (alternate 
loops). 


Whenever a diagnosis of asystole is made, check the 
ECG carefully for the presence of P waves because the 
patient may respond to cardiac pacing when there is 
ventricular standstill with continuing P waves. There is 
no value in attempting to pace true asystole. 


During CPR 


During the treatment of persistent VF/VT or PEA/ 
asystole, there should be an emphasis on giving 
good-quality chest compressions between defibril- 
lation attempts, whilst recognizing and treating re- 
versible causes (4 Hs and 4 Ts), and whilst obtaining 
a secure airway and intravascular access. Healthcare 
providers must practise efficient coordination be- 
tween CPR and shock delivery. A shock is more likely 
to be successful if the pre-shock pause is short (less 
than 10 seconds). 


Potentially Reversible Causes 


Potential causes or aggravating factors for which spe- 
cific treatment exists must be sought during any car- 
diac arrest (Table 47.1). 

Minimize the risk of hypoxia by ensuring that the 
patient’s lungs are ventilated adequately with 100% 
oxygen. 

Pulseless electrical activity caused by hypovolaemia 
is usually due to severe haemorrhage. Restore intravas- 
cular volume rapidly with fluid, coupled with urgent 
surgery to stop the haemorrhage. 

Hyperkalaemia, hypokalaemia, hypocalcaemia, 
acidaemia, and other metabolic disorders are detected 
by biochemical tests or suggested by the patient’s med- 
ical history, e.g. renal failure. A 12-lead ECG may be 
diagnostic. Intravenous calcium chloride is indicated 
in the presence of hyperkalaemia, hypocalcaemia, and 
calcium-channel-blocking drug overdose. 

Suspect hypothermia in any drowning incident; 
use a low-reading thermometer. 

A tension pneumothorax may be the primary 
cause of PEA and may follow attempts at central ve- 
nous catheter insertion. Decompress rapidly by needle 
thoracocentesis or urgent thoracostomy, and then in- 
sert a chest drain. 

Cardiac tamponade is difficult to diagnose because 
the typical signs of distended neck veins and hypoten- 
sion are obscured by the arrest itself. Rapid transtho- 
racic echocardiography with minimal interruption to 
chest compression can be used to identify a pericardial 


TABLE 47.1 


Reversible Causes of Cardiac Arrest 
m Hypoxia 
m Hypovolaemia 


m Hyperkalaemia, hypokalaemia, hypocalcaemia, acidaemia, 
and other metabolic disorders 


m Hypothermia 


m Tension pneumothorax 
m Tamponade 
m Toxic substances 


m Thromboembolism (pulmonary embolus/coronary 
thrombosis) 
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effusion. Cardiac arrest after penetrating chest trauma 
is highly suggestive of tamponade and is an indication 
for resuscitative thoracotomy. 

In the absence of a specific history, the accidental or 
deliberate ingestion of therapeutic or toxic substances 
may be revealed only by laboratory investigations. 
Where available, the appropriate antidotes should be 
used, but most often treatment is supportive. 

The commonest cause of thromboembolic or me- 
chanical circulatory obstruction is massive pulmo- 
nary embolus. If cardiac arrest is likely to be caused 
by pulmonary embolism, consider giving a fibrinolytic 
drug immediately. Ongoing CPR is not a contraindica- 
tion to fibrinolysis. Fibrinolytic drugs may take up to 
90 min to be effective; give a fibrinolytic drug only if it 
is appropriate to continue CPR for this duration. 


Use of Ultrasound Imaging During Advanced Life 
Support. Several studies have examined the use of 
ultrasound during cardiac arrest to detect potentially 
reversible causes. This imaging provides information 
that may help to identify reversible causes of cardiac 
arrest (e.g. cardiac tamponade, pulmonary embolism, 
ischaemia (regional wall motion abnormality), aortic 
dissection, hypovolaemia, pneumothorax). When ul- 
trasound imaging and appropriately trained clinicians 
are available, use them to assist with assessment and 
treatment of potentially reversible causes of cardiac 
arrest. The integration of ultrasound into advanced life 
support requires considerable training to ensure that 
interruptions to chest compressions are minimized. A 
sub-xiphoid probe position has been recommended. 
Placement of the probe just before chest compressions 
are paused for a planned rhythm assessment enables a 
well-trained operator to obtain views within 10 seconds. 


Resuscitation in the Operating Room 


Patients in the operating room are normally monitored 
fully and there should be little delay in diagnosing car- 
diac arrest. High-risk patients will often have invasive 
arterial pressure monitoring, which is invaluable in the 
event of cardiac arrest. If cardiac arrest is considered 
a strong possibility, apply self-adhesive defibrillation 
patches before induction of anaesthesia. 

Asystole and VF will be detected immediately but 
the onset of PEA might not be so obvious — loss of 
the pulse oximeter signal and end-tidal CO, are good 
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clues and should provoke a pulse check. If asystole oc- 
curs intraoperatively, stop any surgical activity likely to 
be causing excessive vagal activity — if this is the likely 
cause, give 0.5mg atropine. Start CPR and immedi- 
ately look for other reversible causes. The atropine 
dose can be repeated up to a total of 3mg. A com- 
pletely straight line suggests that a monitoring lead has 
become detached. 

In the case of PEA, start CPR while looking quickly 
for reversible causes. Give fluid unless you are certain 
the intravascular volume is adequate. Stop giving the 
anaesthetic. While a vasopressor will be required, in 
these circumstances 1mg of adrenaline may be ex- 
cessive. Give a much smaller dose of adrenaline (e.g. 
50-100 ug) or another vasopressor (e.g. metaraminol) 
initially; if this fails to restore the cardiac output, in- 
crease the dose. 


Cardiac Arrest in the Prone Position 


Cardiac arrest in the prone position is rare but chal- 
lenging. The risk factors may include cardiac abnor- 
malities in patients undergoing major spinal surgery, 
hypovolaemia, air embolism, wound irrigation with 
hydrogen peroxide, poor positioning and occluded 
venous return. Consider applying self-adhesive defi- 
brillation patches preoperatively to patients deemed at 
high risk from cardiac arrest. Chest compression in the 
prone position can be achieved with or without sternal 
counter-pressure. 


Cardiac Arrest Caused by Local Anaesthetic 


Systemic toxicity of local anaesthetics involves the cen- 
tral nervous system and the cardiovascular system and 
occurs when a bolus of local anaesthetic inadvertently 
enters the circulation, usually during regional anaes- 
thesia. Severe agitation, loss of consciousness, with 
or without convulsions, sinus bradycardia, conduc- 
tion blocks, asystole and ventricular tachyarrhythmias 
can all occur. Patients with cardiovascular collapse or 
cardiac arrest attributable to local anaesthetic toxicity 
should be treated with i.v. 20% lipid emulsion in ad- 
dition to standard ALS. Guidelines for treatment with 
lipid emulsion have been produced by the Association 
of Anaesthetists of Great Britain and Ireland (www. 
aagbi.org): give an initial i.v. bolus of 20% lipid emul- 
sion followed by an infusion at 15mLkg™'h™'; give 
up to three bolus doses of lipid at 5-minute intervals 


and continue the infusion until the patient is stable or 
has received up to a maximum of 12 mLkg"! of lipid 
emulsion. 


Airway Management and Ventilation 


There are no data supporting the routine use of any 
specific approach to airway management during car- 
diac arrest. The best technique depends on the precise 
circumstances of the cardiac arrest and the compe- 
tence of the rescuer. During CPR with an unprotected 
airway, two ventilations are given after each sequence 
of 30 chest compressions. Once a tracheal tube or su- 
praglottic airway device (SAD) has been inserted, the 
lungs are ventilated at a rate of about 10 breaths min“ 
and chest compressions continued without pausing 
during ventilation. 

Several alternative airway devices have been con- 
sidered for airway management during CPR for those 
not skilled in tracheal intubation or when attempted 
intubation fails. There are published studies on the use 
during CPR of the Combitube, the classic laryngeal 
mask airway (cLMA), the Laryngeal Tube (LT) and 
the i-gel, but none of these studies have been powered 
adequately to enable survival to be studied as a pri- 
mary endpoint. Currently, the choice of these devices 
depends entirely on local preference. 

Tracheal intubation should be attempted during 
cardiac arrest only by trained personnel, such as anaes- 
thetists, who are able to carry out the procedure with a 
high level of skill and confidence. Prolonged attempts 
at tracheal intubation are harmful; the pause in chest 
compressions during this time will compromise coro- 
nary and cerebral perfusion. No intubation attempt 
should interrupt chest compressions for more than 
10 seconds; if intubation is not achievable within 
these constraints, bag-mask ventilation is restarted. 

Waveform capnography is the most sensitive and 
specific way to confirm and continuously monitor the 
position of a tracheal tube in victims of cardiac arrest 
and should supplement clinical assessment (auscul- 
tation and visualization of the tracheal tube passing 
between the vocal cords). There is concern that low 
pulmonary blood flow during CPR may not result 
in detectable exhaled carbon dioxide and that a cor- 
rectly placed tracheal tube may then be removed in 
error. However, several studies have indicated that ex- 
haled carbon dioxide is detected reliably during CPR, 


except after prolonged cardiac arrest (>30 min) when 
pulmonary flow may be negligible. Existing portable 
monitors make capnographic initial confirmation 
and continuous monitoring of tracheal tube position 
feasible in almost all settings where intubation is per- 
formed, including out of hospital, emergency depart- 
ments, and in-hospital locations. 


Assisting the Circulation 
Intravascular Access 


Peripheral venous cannulation is quicker, easier to per- 
form, and safer than attempting central venous access. 
Drugs injected peripherally must be followed by a flush of 
at least 20mL of fluid. Any attempt at central venous line 
insertion must be achieved with minimal interruption 
to chest compressions. If i.v. access cannot be established 
within the first 2 min of resuscitation, consider gaining in- 
traosseous (IO) access. Intraosseous delivery of resuscita- 
tion drugs will achieve adequate plasma concentrations. 
Resuscitation drugs can also be given via a tracheal 
tube, but the plasma concentrations achieved using 
this route are very variable and generally considerably 
lower than those achieved by the i.v. or IO routes, par- 
ticularly with adrenaline. Given the ease of gaining IO 
access and the lack of efficacy of tracheal drug admin- 
istration, do not give drugs via the tracheal tube. 


Drugs 


Adrenaline. Despite the widespread use of adrena- 
line during resuscitation, and several studies involv- 
ing vasopressin, there is no placebo-controlled study 
that shows that the routine use of any vasopressor 
at any stage during human cardiac arrest increases 
neurologically-intact survival to hospital discharge. 
A recent prospective, randomized trial of adrenaline 
versus placebo for out-of-hospital cardiac arrest has 
documented higher rates of ROSC with adrenaline for 
both shockable and non-shockable rhythms. The opti- 
mal dose of adrenaline is not known, and there are no 
data supporting the use of repeated doses. There are 
few data on the pharmacokinetics of adrenaline dur- 
ing CPR. The optimal duration of CPR and number 
of shocks that should be given before giving drugs is 
unknown. On the basis of expert consensus, for VF/ 
VT, adrenaline is given after the third shock once chest 
compressions have resumed, and then repeated every 
3-5 min during cardiac arrest (alternate cycles). 
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Atropine. Several recent studies have failed to demon- 
strate any benefit from atropine in out-of-hospital or 
in-hospital cardiac arrests and its routine use for asys- 
tole or PEA is no longer recommended. 


Anti-Arrhythmic Drugs. No anti-arrhythmic drug 
given during human cardiac arrest has been shown 
to increase survival to hospital discharge, although 
amiodarone has been shown to increase survival to 
hospital admission after shock-refractory VF/VT. 
Based on expert consensus, give amiodarone 300 mg 
by bolus injection (flushed with 20mL of 0.9% so- 
dium chloride or 5% dextrose) after the third shock. 
A further dose of 150mg may be given for recur- 
rent or refractory VE/VT, followed by an infusion of 
900mg over 24h. Lidocaine 1 mgkg™' may be used 
as an alternative if amiodarone is not available, but 
do not give lidocaine if amiodarone has been given 
already. 

Although the benefits of giving magnesium in 
known hypomagnesaemic states are recognized, the 
benefit of giving magnesium routinely during cardiac 
arrest is unproven. Give an initial i.v. dose of 2g 
(= 8mmol or 4mL of 50% magnesium sulphate) for 
refractory VF if there is any suspicion of hypomagne- 
saemia (e.g. patients on potassium-losing diuretics); 
it may be repeated after 10-15 min. Other indications 
are: ventricular tachyarrhythmias in the presence of 
possible hypomagnesaemia; torsade de pointes VT; di- 
goxin toxicity. 


Bicarbonate. Cardiac arrest causes a combined re- 
spiratory and metabolic acidosis because pulmonary 
gas exchange ceases and cellular metabolism becomes 
anaerobic. The best treatment of acidaemia in cardiac 
arrest is chest compression; some additional benefit 
is gained by ventilation. During cardiac arrest, arte- 
rial blood gas values may be misleading and bear little 
relationship to the tissue acid-base state — analysis of 
central venous blood may provide a better estimation 
of tissue pH. Giving sodium bicarbonate routinely 
during cardiac arrest and CPR, or after ROSC, is not 
recommended. Give sodium bicarbonate 50mmol 
if cardiac arrest is associated with hyperkalaemia or 
tricyclic antidepressant overdose. Repeat the dose ac- 
cording to the clinical condition of the patient and the 
results of repeated blood gas analysis. 
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Calcium. There are no data supporting any beneficial 
action for calcium after most cases of cardiac arrest. 
High plasma concentrations achieved after injection 
may be harmful to the ischaemic myocardium and 
may impair cerebral recovery. Give calcium during 
resuscitation only when indicated specifically (cardiac 
arrest caused by hyperkalaemia, hypocalcaemia, or 
overdose of calcium channel blocking drugs). 


Mechanical CPR 


At best, standard manual CPR produces coronary 
and cerebral perfusion that is just 30% of normal. 
Several CPR techniques and devices may improve 
haemodynamics or short-term survival when used by 
well-trained providers in selected cases. However, the 
success of any technique or device depends on the edu- 
cation and training of the rescuers and on resources 
(including personnel). 


Impedance Threshold Device (ITD). The impedance 
threshold device (ITD) is a valve that limits air entry into 
the lungs as the chest recoils during the compression 
release phase; this decreases intrathoracic pressure and 
increases venous return to the heart. Recent prospective 
randomized trials indicate no difference in long term out- 
come when the ITD is used with standard CPR but one 
study has documented higher long-term survival rates 
compared with standard CPR when the ITD is combined 
with active compression—decompression (ACD) CPR. 


Lund University Cardiac Arrest System (LUCAS) CPR. 
The Lund University cardiac arrest system (LUCAS) is a 
gas-driven sternal compression device that incorporates 
a suction cup for ACD-CPR. There are no published 
randomized human studies comparing LUCAS-CPR 
with standard CPR although there are two large on- 
going prehospital studies. 


Load-Distributing Band CPR (AutoPulse). The load- 
distributing band (LDB) is a circumferential chest 
compression device comprising a pneumatically actu- 
ated constricting band and backboard. A recent large 
prehospital randomized trial has shown that LDB- 
CPR produces similar survival rates to that of high- 
quality manual CPR. 

Mechanical devices have been used to support 
patients undergoing primary coronary intervention 


(PCI) and for prolonged resuscitation attempts where 
rescuer fatigue may impair the effectiveness of manual 
chest compression. 


PERI-ARREST ARRHYTHMIAS 


Cardiac arrhythmias are common in the peri-arrest 
period and treatment algorithms for both tachycardia 
(Fig. 47.4) and bradycardia (Fig. 47.5) have been de- 
veloped to enable the non-specialist to initiate treat- 
ment safely. In all cases, oxygen is given, an i.v. cannula 
is inserted and the patient is assessed for adverse signs. 
Whenever possible, record a 12-lead ECG; this will 
help determine the precise rhythm, either before treat- 
ment or retrospectively, if necessary with the help of an 
expert. Correct any electrolyte abnormalities. 

The presence or absence of adverse signs or symp- 
toms will dictate the appropriate treatment for most 
arrhythmias. The after adverse factors indicate that a 
patient is unstable because of the arrhythmia: 


m Shock — pallor, sweating, cold, clammy extremi- 
ties, impaired consciousness and hypotension 
(e.g. systolic blood pressure <90 mmHg). 

m Syncope — transient loss of consciousness. 

= Heart failure — pulmonary oedema; 3rd heart 
sound; raised JVP; hepatic congestion; peripheral 
oedema. 

= Myocardial ischaemia — chest pain or evidence of 
ischaemia on 12-lead ECG. 


Depending on the nature of the underlying ar- 
rhythmia and clinical status of the patient, immedi- 
ate treatments can be either electrical [cardioversion 
(tachyarrhythmias) or pacing (bradyarrhythmias)] 
or pharmacological. If the patient has adverse factors 
electrical therapy is likely to be appropriate. Drugs 
usually act more slowly and less reliably than electrical 
treatments and are usually the preferred treatment for 
the stable patient without adverse signs. 


Tachycardias 


If the patient is unstable and deteriorating, synchro- 
nized cardioversion is the treatment of choice. In pa- 
tients with otherwise normal hearts, serious signs and 
symptoms are uncommon if the ventricular rate is 
<150 min“. For a broad-complex tachycardia or atrial 
fibrillation, start with 120-150J biphasic shock and 


e Assess using the ABCDE approach 

e Give oxygen if appropriate and obtain i.v. access 

e Monitor ECG, BP, SpOz, record 12-lead ECG 

e Identify and treat reversible causes (e.g. electrolyte abnormalities) 


synchronized DO Shock -+<———-. Yes/unstable Adverse features? 
Up to 3 attempts e Shock 
e Syncope 
e Myocardial ischaemia 
e Amiodarone 300mg i.v. over 10-20 min O hean tiure 


and repeat shock; followed by: 
e Amiodarone 900mg over 24h 


| No/stable 


Is QRS narrow (<0.12 sec)? 


Narrow y 


C Broad 


Broad QRS 
Is rhythm regular? 


Narrow QRS 
Is rhythm regular? 


Irregular Regular Regular Irregular 


| | | 


e Use vagal manoeuvres Irregular narrow complex 
e Adenosine 6mg rapid i.v. bolus; tachycardia 
- if unsuccessful give 12mg; Probable atrial fibrillation 
— if unsuccessful give further 12mg ee 
: > Control rate with: 
e Monitor ECG continuously e B-Blocker or diltiazem 


e Consider digoxin or 
amiodarone if evidence 


Seek expert help 


of heart failure 


Sinus rhythm restored? 


If ventricular tachycardia Vos No 


(or uncertain rhythm): | I 


e Amiodarone 300 mg i.v. 
Probable re-entry paroxysmal SVT: 


Possibilities include: 

e AF with bundle branch block 
treat as for narrow complex 

e Pre-excited AF 
consider amiodarone 


k rt hel 
over 20-60 min; Seek expert help 


then 900mg over 24 h 


e Polymorphic VT 
(e.g. torsade de pointes — give 
magnesium 2g over 10 min) 


If previously confirmed 

SVT with bundle branch block: 

e Give adenosine as for regular 
narrow complex tachycardia 


e Record 12-lead ECG in sinus rhythm 

e lf recurs, give adenosine again and 
consider choice of anti-arrhythmic 
prophylaxis 


Possible atrial flutter 
Control rate (e.g. B-blocker) 


FIGURE 47.4 


Tachycardia algorithm (adapted from 2010 Resuscitation Guidelines (Resuscitation Council UK)). 
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e Assess using the ABCDE approach 
e Give oxygen if appropriate and obtain i.v. access 
e Monitor ECG, BP, SpOs, record 12-lead ECG 
e Identify and treat reversible causes 
(e.g. electrolyte abnormalities) 


| 


Adverse features? 
e Shock 


Yes ——= ° Syncope m No 
e Myocardial ischaemia 
e Heart failure 


Atropine 
500 ug i.v. 


| 


Satisfactory 
response? 


No 


| 


Interim measures: 
mr OPIN SPO a Risk of asystole? 
repeat to maximum of 3 mg 


, ere e Recent asystole 
e Isoprenaline 5 ug min i.v. ® Mobitz II AV block 
e Adrenaline 2-10 ug mintiv. |<——— Yes = Complete hean pieck 
e Alternative drugs* 


with broad QRS 


or e Ventricular pause >3s 
e Transcutaneous pacing I 


No 


| 


Seek expert help Observe 
Arrange transvenous pacing 


— Yes 


*Alternatives include: 


e Aminophylline 

e Dopamine 

e Glucagon (if beta-blocker or calcium channel blocker overdose) 
e Glycopyrrolate can be used instead of atropine 


FIGURE 47.5 = Bradycardia algorithm (adapted from 2010 Resuscitation Guidelines (Resuscitation Council UK)). 


increase in increments if this fails. Atrial flutter and 
regular narrow-complex tachycardia will often con- 
vert with lower energies: start with 70-120) biphasic. 
If cardioversion fails to restore sinus rhythm, and the 
patient remains unstable, give amiodarone 300 mg i.v. 
over 10—20min and re-attempt electrical cardiover- 
sion. The loading dose of amiodarone can be followed 
by an infusion of 900 mg over 24 hours. 

The treatment for stable tachycardias is outlined 
in Figure 47.4. A regular broad-complex tachycardia 
is likely to be VT or a supraventricular rhythm with 
bundle branch block. In a stable patient, if there is 
uncertainty about the source of the arrhythmia, give 
adenosine. 

Regular narrow-complex tachycardias include: 


m sinus tachycardia; 

m AV nodal re-entry tachycardia (AVNRT) — the 
commonest type of regular narrow-complex 
tachyarrhythmia; 

m AV re-entry tachycardia (AVRT) — due to Wolff- 
Parkinson—White (WPW) syndrome; 

m atrial flutter with regular AV conduction (usu- 
ally 2:1). 


Vagal manoeuvres or adenosine will terminate al- 
most all AVNRT or AVRT within seconds. Failure to 
terminate a regular narrow-complex tachycardia with 
adenosine suggests an atrial tachycardia such as atrial 
flutter. If adenosine is contraindicated, or fails to ter- 
minate a regular narrow complex tachycardia without 
demonstrating that it is atrial flutter, give a calcium- 
channel blocker, for example verapamil 2.5-5 mg i.v. 
over 2 min or diltiazem. 

An irregular narrow-complex tachycardia is most 
likely to be AF or sometimes atrial flutter with variable 
AV conduction. If there are no adverse features, treat- 
ment options include: 


m rate control by drug therapy; 

m rhythm control using drugs to encourage chemi- 
cal cardioversion; 

m rhythm control by electrical cardioversion; 

m treatment to prevent complications (e.g. 
anticoagulation). 


In general, patients who have been in AF for more 
than 48h should not be treated by cardioversion 
(electrical or chemical) until they have been fully 
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anticoagulated for at least three weeks, or unless trans- 
oesophageal echocardiography has shown the absence 
of atrial thrombus. If cardioversion is required more 
urgently, give an iv. bolus injection of heparin fol- 
lowed by a continuous infusion to maintain the acti- 
vated partial thromboplastin time (APTT) at 1.5 to 
2 times the reference control value. 

If the aim is to control heart rate, the drugs of 
choice are beta-blockers, diltiazem (oral only in the 
UK), or verapamil. Digoxin and amiodarone may be 
used in patients with heart failure. Magnesium can 
also been used although the data supporting this are 
more limited. 

If the duration of AF is less than 48h and rhythm 
control is considered appropriate, electrical or chemi- 
cal cardioversion may be attempted. Seek expert help 
and consider flecainide. Amiodarone may also be used 
but is less effective. 


Bradycardia 


If adverse signs are present, give i.v. atropine 500 ug, 
and, if necessary, repeat every 3-5 min to a total of 
3mg. In the intraoperative setting, stop any surgical 
activity likely to be causing vagal stimulation. 

If treatment with atropine is ineffective, consider 
second line drugs. These include isoprenaline (5 ug 
min“ starting dose), adrenaline (2-10 ug min“) and 
dopamine (2-10 ug kg“ min“'). 

Transcutaneous pacing will be required if there is 
an inadequate response to drugs. Temporary transve- 
nous pacing should be considered if there is a history 
of recent asystole; Mobitz type II AV block; complete 
(third-degree) heart block (especially with broad QRS 
or initial heart rate <40 min“) or evidence of ventric- 
ular standstill of more than 3 seconds. 


POST-RESUSCITATION CARE 


The Post-Cardiac-Arrest Syndrome 


The post-cardiac-arrest syndrome, which comprises 
post-cardiac-arrest brain injury, post-cardiac-arrest myo- 
cardial dysfunction, the systemic ischaemia/reperfusion 
response, and persistence of the precipitating pathology, 
often complicates the post-resuscitation phase. Post- 
cardiac-arrest brain injury manifests as coma, seizures, 
varying degrees of neurocognitive dysfunction and 
brain death. Post-cardiac-arrest brain injury may be 
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exacerbated by microcirculatory failure, impaired au- 
toregulation, hypercarbia, hyperoxia, pyrexia, hypergly- 
caemia and seizures. Significant myocardial dysfunction 
is common after cardiac arrest but typically recovers by 
2-3 days. The whole body ischaemia/reperfusion that 
occurs with resuscitation from cardiac arrest activates 
immunological and coagulation pathways contribut- 
ing to multiple organ failure and increasing the risk of 
infection. Thus, the post-cardiac-arrest syndrome has 
many features in common with sepsis, including intra- 
vascular volume depletion and vasodilation. 


Airway and Breathing 


Hypoxaemia and hypercarbia both increase the likeli- 
hood of a further cardiac arrest and may contribute to 
secondary brain injury. Several animal studies indicate 
that hyperoxaemia causes oxidative stress and harms 
post-ischaemic neurones. A clinical registry study 
documented that post-resuscitation hyperoxaemia 
was associated with worse outcome, compared with 
both normoxaemia and hypoxaemia. As soon as arte- 
rial blood oxygen saturation can be monitored reliably 
(by blood gas analysis and/or pulse oximetry), titrate 
the inspired oxygen concentration to maintain the ar- 
terial blood oxygen saturation in the range of 94-98%. 
Consider tracheal intubation, sedation and controlled 
ventilation in any patient with obtunded cerebral 
function. There are no data to support the targeting 
of a specific arterial Pco, after resuscitation from car- 
diac arrest, but it is reasonable to adjust ventilation to 
achieve normocarbia and to monitor this using the 
end-tidal Pco, and arterial blood gas values. 


Circulation 


Post-cardiac-arrest patients with ST-elevation myo- 
cardial infarction (STEMI) should undergo early 
coronary angiography and percutaneous coronary in- 
tervention (PCI). Post-cardiac arrest myocardial dys- 
function causes haemodynamic instability, resulting 
in hypotension, low cardiac index and arrhythmias. 
If treatment with appropriate fluids and vasoactive 
drugs is insufficient to support the circulation, an 
intra-aortic balloon pump may be required. Target the 
mean arterial blood pressure to achieve an adequate 
urine output (1 mLkg'ho') and normal or decreasing 
plasma lactate values, taking into consideration the pa- 
tient’s usual blood pressure (if known). 


Disability (Optimizing Neurological 
Recovery) 


Control of Seizures 


Seizures occur in 24% of those who remain comatose 
after out-of-hospital cardiac arrest. Seizures increase 
cerebral metabolism by up to 3-fold and may cause 
cerebral injury: treat promptly and effectively with an- 
ticonvulsant drugs. Although associated with a poor 
outcome, the occurrence of seizures does not predict 
this reliably — in one recent study, 17% of those with 
seizures ultimately had a good neurological outcome. 


Glucose Control 


There is a strong association between high blood glu- 
cose after resuscitation from cardiac arrest and poor 
neurological outcome but attempts to control glucose 
too tightly (4.5-6.0mmolL"!) increases the risk of 
hypoglycaemia and in one large study of general ICU 
patients increased mortality when compared with con- 
ventional glucose control (<10mmolL'). Therefore, 
after ROSC, maintain blood glucose at <10 mmol L~ 
and avoid hypoglycaemia. 


Temperature Control 


Treatment of Hyperpyrexia. A period of hyperther- 
mia (hyperpyrexia) is common in the first 48h after 
cardiac arrest and this is associated with worse neu- 
rological outcome. Treat hyperthermia occurring after 
cardiac arrest with antipyretics or active cooling. 


Therapeutic Hypothermia. Animal and human data 
indicate that mild hypothermia is neuroprotective 
and improves outcome after a period of global cere- 
bral hypoxia-ischaemia. Cooling suppresses many of 
the pathways leading to delayed cell death, including 
apoptosis (programmed cell death). Hypothermia de- 
creases the cerebral metabolic rate for oxygen by about 
6% for each 1°C reduction in temperature and this 
may reduce the release of excitatory amino acids and 
free radicals. 

All studies of post-cardiac-arrest therapeutic hy- 
pothermia have included only patients in coma. There 
is good evidence supporting the use of induced hy- 
pothermia in comatose survivors of out-of-hospital 
cardiac arrest caused by VF and there is lower level 
evidence supporting cooling after cardiac arrest from 


non-shockable rhythms and after in-hospital cardiac 
arrest. Cooling should be started as soon as possible 
after ROSC (pre-ROSC cooling is being investigated) 
with the aim of maintaining temperature in the range 
of 32-34°C for 24h. 

The practical application of therapeutic hypo- 
thermia is divided into three phases: induction, 
maintenance, and rewarming. External and/or in- 
ternal cooling techniques can be used to initiate 
cooling. An infusion of 30mLkg™' of 4°C 0.9% 
sodium chloride or Hartmann’s solution decreases 
core temperature by approximately 1.5°C and can 
easily be started prehospital. Other methods of in- 
ducing and/or maintaining hypothermia include: 
simple ice packs and/or wet towels; cooling blan- 
kets or pads; intranasal cooling; water or air circu- 
lating blankets; water circulating gel-coated pads; 
intravascular heat exchanger; and cardiopulmonary 
bypass. 

In the maintenance phase, a cooling method 
with effective temperature monitoring that avoids 
temperature fluctuations is preferred. This is best 
achieved with external or internal cooling devices 
that include continuous temperature feedback to 
achieve a set target temperature. Plasma electro- 
lyte concentrations, effective intravascular volume 
and metabolic rate can change rapidly during both 
cooling and rewarming. Control rewarming at 0.25- 
0.5°C per hour. 


Prognostication 


Two thirds of those dying after admission to ICU 
after out-of-hospital cardiac arrest die from neu- 
rological injury. A quarter of those dying after ad- 
mission to ICU after in-hospital cardiac arrest die 
from neurological injury. A means of predicting 
neurological outcome that can be applied to indi- 
vidual comatose patients is required. Many studies 
have focused on prediction of poor long term out- 
come (vegetative state or death), based on clinical or 
test findings that indicate irreversible brain injury, 
to enable clinicians to limit care or withdraw organ 
support. The implications of these prognostic tests 
are such that they should have 100% specificity or 
zero false positive rate, i.e. no individuals eventually 
have a ‘good’ long-term outcome despite the predic- 
tion of a poor outcome. 
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Clinical Examination 


There are no clinical neurological signs that pre- 
dict poor outcome (Cerebral Performance Category 
[CPC] 3 or 4, or death) reliably less than 24 hours af- 
ter cardiac arrest. In adult patients who are comatose 
after cardiac arrest, and who have not been treated 
with hypothermia and who do not have confound- 
ing factors (such as hypotension, sedatives or muscle 
relaxants), the absence of both pupillary light and 
corneal reflex at >72 hours predicts poor outcome 
reliably. A GCS motor score of 2 or less at >72 hours 
is less reliable. The presence of myoclonic status is 
associated strongly with poor outcome but rare 
cases of good neurological recovery from this situ- 
ation have been described and accurate diagnosis is 
problematic. 


Biochemical Markers 


Serum (e.g. neuronal specific enolase, $100 protein) 
or cerebrospinal fluid (CSF) biomarkers alone are in- 
sufficient as predictors of poor outcomes in comatose 
patients after cardiac arrest with or without treatment 
with therapeutic hypothermia. 


Neurophysiological Studies 


No neurophysiological study predicts outcome for 
a comatose patient reliably within the first 24 hours 
after cardiac arrest. If somatosensory evoked poten- 
tials (SSEP) are measured after 24 hours in comatose 
cardiac arrest survivors not treated with therapeutic 
hypothermia, bilateral absence of the N20 cortical 
response to median nerve stimulation predicts poor 
outcome (death or CPC 3 or 4). However, few hospi- 
tals in the UK have the resources to enable SSEPs to be 
measured. 


Imaging Studies 

Many imaging modalities (magnetic resonance imag- 
ing [MRI], computed tomography [CT], single photon 
emission computed tomography [SPECT], cerebral 
angiography, transcranial Doppler, nuclear medicine, 
near infra-red spectroscopy [NIRS]) have been studied 
to determine their utility for prediction of outcome in 
adult survivors of cardiac arrest. There are no high- 
level studies that support the use of any imaging mo- 
dality to predict outcome of comatose cardiac arrest 
survivors. 
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Impact of Therapeutic Hypothermia on 
Prognostication 


There is inadequate evidence to recommend a spe- 
cific approach to prognosticating poor outcome in 
post-cardiac-arrest patients treated with therapeutic 
hypothermia. There are no clinical neurological signs, 
neurophysiological studies, biomarkers, or imaging mo- 
dalities that can predict neurological outcome reliably 
in the first 24h after cardiac arrest. Potentially reliable 
prognosticators of poor outcome in patients treated 
with therapeutic hypothermia after cardiac arrest in- 
clude bilateral absence of N20 peak on SSEP >24h after 
cardiac arrest and the absence of both corneal and pu- 
pillary reflexes three or more days after cardiac arrest. 
Given the limited data, decisions to limit care should be 
based on the results of more than one prognostication 
tool (e.g. clinical examination and EEG). In most cases, 
treatment withdrawal decisions should be delayed until 
at least 3 days after return to normothermia. 


Organ Donation 


Post-cardiac-arrest patients who do not survive repre- 
sent an opportunity to increase the organ donor pool, 
either after brain death or as non-heart-beating donors. 


DECISIONS RELATING 
TO CARDIOPULMONARY 
RESUSCITATION 


It is essential to identify patients for whom cardiopulmo- 
nary arrest represents an anticipated terminal event and 
in whom CPR is inappropriate. All institutions should 
ensure that a clear and explicit resuscitation plan ex- 
ists for all patients. For some patients this will involve a 
do-not-attempt-resuscitation (DNAR, also described as 
DNACPR) decision. National guidelines from the British 
Medical Association (BMA), Resuscitation Council 
(UK) and the Royal College of Nursing (RCN), and 
more recently from the General Medical Council, pro- 
vide a framework for formulating local policy. The main 
messages from the BMA/RC(UK)/RCN guidance are: 


= Decisions about CPR must be made on the basis 
of an individual assessment of each patient’s case. 

= Advance care planning, including making decisions 
about CPR, is an important part of good clinical 
care for those at risk of cardiorespiratory arrest. 


= Communication and the provision of informa- 
tion are essential parts of good quality care. 

m It is not necessary to initiate discussion about 
CPR with a patient if there is no reason to believe 
that the patient is likely to suffer a cardiorespira- 
tory arrest. 

= Where no explicit decision has been made in ad- 
vance there should be an initial presumption in 
favour of CPR. 

= If CPR would not restart the heart and breathing, 
it should not be attempted. 

m Where the expected benefit of attempted CPR 
may be outweighed by the burdens, the patient’s 
informed views are of paramount importance. 
If the patient lacks capacity, those close to the 
patient should be involved in discussions to ex- 
plore the patient’s wishes, feelings, beliefs and 
values. 

= If a patient with capacity refuses CPR, or a pa- 
tient lacking capacity has a valid and applicable 
advance decision refusing CPR, this should be 
respected. 

= A DNAR decision does not override clinical 
judgement in the unlikely event of a reversible 
cause of the patient’s respiratory or cardiac ar- 
rest that does not match the circumstances 
envisaged. 

= DNAR decisions apply only to CPR and not to 
any other aspects of treatment. 


DNAR Decisions in the Perioperative Period 


General or regional anaesthesia may cause cardio- 
vascular or respiratory instability that requires sup- 
portive treatment. Many routine interventions used 
during anaesthesia (for example tracheal intubation, 
mechanical ventilation or injection of vasoactive 
drugs) could be considered to be resuscitative mea- 
sures. The AAGBI has produced guidance for manag- 
ing DNAR decisions in the perioperative period. The 
anaesthetist and the surgeon should review DNAR 
decisions with the patient, or their representative 
if they lack capacity, as part of the consent process. 
The DNAR decision can be suspended, modified, 
or remain valid during the procedure. The DNAR 
management option would normally apply while the 
patient remains in the operating room and post an- 
aesthetic care unit. 


NATIONAL CARDIAC ARREST AUDIT 


All in-hospital cardiac arrests should be reviewed and 
audited. NCAA is a UK-wide database of in-hospital 
cardiac arrests and is supported by the RC (UK) and 
the Intensive Care National Audit & Research Centre 
(ICNARC). NCAA monitors and reports on the inci- 
dence of, and outcome from, in-hospital cardiac arrests 
in order to inform practice and policy. It aims to im- 
prove care delivery and outcomes from cardiac arrest. 
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INTRODUCTION 


If you have recently acquired this textbook, you are 
probably just embarking on a career in anaesthesia. 
At the outset, this can appear to be a daunting pros- 
pect with an apparently overwhelming amount of 
new knowledge and skills to acquire within a relatively 
short time-frame. An understanding of the framework 
of the training scheme, the curriculum which you will 
follow and the assessment tools (including examina- 
tions) against which your progress will be measured 
will allow you to approach training in your chosen 
speciality with greater confidence. 

This short chapter is designed to illustrate some of 
the key aspects of postgraduate training and assess- 
ment in anaesthesia taking examples from the UK, 
Irish and Australasian systems. However, the themes 
discussed will be just as applicable to those training in 
other healthcare jurisdictions. 


BASIC PRINCIPLES 


Anaesthesia is a wide-ranging speciality encompass- 
ing perioperative management, critical care and pain 
medicine. Potentially, the anaesthetist has to manage 
patients of all ages, ranging from the most premature 
neonate to centenarians. Patients require a diverse 
range of surgical interventions and can have signifi- 
cant comorbidities which may have implications for 
the delivery of safe anaesthetic care. Consequently, 
the anaesthetist needs to have a very broad medical 
knowledge base, perhaps more so than in any other 
hospital-based clinical speciality. This knowledge 
base needs to encompass the basic sciences which 
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underpin all aspects of anaesthetic practice, general 
medicine and surgery, and other allied clinical spe- 
cialities (e.g. radiology), in addition to the specific 
knowledge and skills related directly to anaesthetic 
practice. 

As well as clinical knowledge and skills, all an- 
aesthetists need to develop the appropriate profes- 
sional attitudes and behavioural skills which are 
essential to maintaining good medical practice. 
Some of these are generic skills which are relevant 
to any doctor but others are speciality-specific. 
These affective competencies do not relate to any 
particular stage of training but should be devel- 
oped during the training years and continue to be 
consolidated throughout the doctor’s professional 
life. In the UK training system, these competen- 
cies are summarized in 11 domains in a separate 
annexe of the anaesthetics curriculum document 
(Table A.1). 


Spiral Learning 


All anaesthetic training programmes are based 
on the concept of ensuring that basic principles 
learnt and understood are repeated, expanded and 
further elucidated as time in training progresses. 
To facilitate this approach in most healthcare sys- 
tems, the training programme is divided into vari- 
ous stages — in the UK system, these are defined as 
the basic, intermediate, higher and advanced levels 
of training. The outcome is such that competence 
within the speciality required to commence inde- 
pendent practice is achieved by the end of training 
as knowledge, skills, attitudes and behaviours meta- 
phorically spiral upwards. 


TABLE A.1 


Professionalism and Common 
Competencies in Medical Practice 
(from Royal College of Anaesthetists’ 
Certificate of Completion of Training in 

Anaesthetics 2010, with Permission) 

Domain 1: Professional attitudes 

= Commitment 

= Compassion 

m Honesty © personal integrity 

m Respect for others 

m Community 


= Competence 


Domain 2: Clinical practice 


Domain 3: Team working 


Domain 4: Leadership 


Domain 5: Innovation 


Domain 6: Healthcare management 


Domain 7: Education 


Domain 8: Safety in clinical practice 


Domain 9: Medical ethics and confidentiality 


Domain 10: Relationships with patients 


Domain 11: Legal framework for practice 


Domain 12: Information technology 


Experiential Learning 


Research has shown that performance of any skill im- 
proves with practice and that up to 200 iterations of a 
procedure may be required for a learner to approach 
the standard of performance demonstrated by a truly 
expert practitioner. Analyses of learning curves reveal 
that 70-80% of this level of expert performance is 
achieved after 30 iterations of a skill. In any training 
system of limited duration, it is unlikely that trainees 
will achieve mastery in all aspects of anaesthetic prac- 
tice. Realistically, an anaesthetist can only be regarded 
as competent in the full range of anaesthetic practice by 
the end of training and only approach truly expert level 
of performance in one or two subspecialities at most 
before becoming a consultant or accredited specialist. 


Phases of Training 


Although varying in some detail and duration of the 
component parts, most anaesthetic training systems 
have similar key phases. 
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TABLE A.2 


Basis of Anaesthetic Practice Module 
(from Royal College of Anaesthetists’ Curriculum 
in Anaesthetics 2010, with Permission) 
LJ Preoperative assessment 
= Premedication 
m Induction 
LJ Intraoperative care 
m Postoperative and recovery room care 
LJ Management of cardiorespiratory arrest 
= Control of infection 


m Introduction to anaesthesia for emergency surgery 


Introduction to Anaesthetic Practice. Doctors 
come to anaesthetic training with a range of previ- 
ous medical experience, but for all, there is a steep 
learning curve to grasp the basic principles of safe 
anaesthetic practice. This initial phase of training 
is necessarily heavily supervised and, depending on 
the individual’s aptitude, takes 3-6 months before 
the trainee is able to work without direct supervi- 
sion and undertake on-call duties. In the UK sys- 
tem, the anaesthetic curriculum includes a ‘basis of 
anaesthetic practice’ module which is designed to 
guide the trainee through these first few months of 
training and ensure that they are all introduced in 
a systematic way to the fundamental concepts sus- 
taining safe practice (Table A.2). Trainees are re- 
quired to successfully complete all the constituent 
units of training in this module to progress further 
in training. 


Modular Training. Anaesthetic training both in the 
UK and Ireland, and elsewhere (e.g. Australasia), is 
organized on a modular system with trainees focus- 
ing on defined areas of anaesthetic practice at different 
stages of the training programme (Fig. A.1). For some 
modules, this may require concentrating on one spe- 
cific area exclusively for an extended period in order to 
build up a momentum of experience. This is particu- 
larly important when being introduced to a new area 
of practice, e.g. intensive care, pain medicine, paediat- 
ric anaesthesia. 

There are several subspeciality disciplines in anaes- 
thesia which are regarded as essential components of 
training in UK/Ireland and Australasia (Table A.3). In 
the early stages of training, these modules are typically 


Basic Intermediate Higher and advanced 
Optional 
CT1 CT2 augmented 
experience 
Set Basic level Intermediate Certificate 
Anaesthesia —> | training ST3 ST4 level training >| ST5 ste H st7 H of completion 
certificate certificate of training 
CT2 
CT1 CT2 (anaes) 
ACCS (anaesthesia) 


Basis of anaesthetic practice (0-6 months) 

e Pre-operative assessment 

e Premedication 

e Induction of general anaesthesia 

e Intra-operative care 

e Postoperative and recovery room care 

e Introduction to anaesthesia for emergency surgery 
e Management of respiratory and cardiac arrest 

e Control of infection 


Basic anaesthesia (7-24 months) 
e Airway management 
e Critical incidents 
e Day surgery 
e General, urological and gynaecological surgery 
e Head, neck, maxillo-facial and dental surgery 
e Intensive care medicine 
e Non-theatre 
e Obstetrics 
e Paediatrics 
-= child protection 
e Pain medicine 
e Regional 
e Sedation 
e Transfer medicine 
e Trauma and stabilisation 


Basic sciences to underpin anaesthetic practice 
e Anatomy 

e Pharmacology 

e Physiology and biochemistry 

e Physics and clinical measurements 

e Statistical methods 


Primary FRCA examination 


Intermediate training (2 years) 

Essential units 

e Anaesthesia for neurosurgery, neuroradiology and 
neurocritical care 

e Cardiac/thoracic 

e General duties 
— Airway management 
- Critical incidents 
— Day surgery 
— General, urological and gynaecological surgery 
— Head, neck, maxillo-facial and dental surgery 
— Management of respiratory and cardiac arrest 
— Non-theatre 
— Orthopaedic surgery 
— Regional 
— Sedation 
— Transfer medicine 
- Trauma and stabilisation 

e Intensive care medicine 

e Obstetrics 

e Paediatric 

e Pain medicine 


Optional units 

e Ophthalmic 

e Plastics/burns 

e Vascular surgery 


Advanced sciences to underpin anaesthetic practice 
e Anatomy 

e Applied clinical pharmacology 

e Applied physiology and biochemistry 

e Nutrition 

e Physics and clinical measurement 

e Statistical basis for trial management 


Final FRCA examination 


Higher training (2 years) 
Essential units 
e Anaesthesia for neurosurgery, 
neuroradiology and 
neurocritical care 
e Cardiac/thoracic 
e General duties 
— Airway management* 
— Day surgery 
— Head, neck, maxillo-facial and 
dental surgery 
— General, urological and 
gynaecological surgery 
— Management of respiratory and 
cardiac arrest* 
— Non-theatre 


e General duties 


Advanced training (1 year) 

e Advanced training 
- Domain 1 - Clinical practice 
— Domain 2 - Team working 
— Domain 3 - Leadership 
— Domain 4 - Innovation 
— Domain 5 - Management 
— Domain 6 - Education 

e Anaesthesia for neurosurgery, 
neuroradiology and 
neurocritical care 

e Cardiac/thoracic 


— Airway management 
— Head, neck, maxillo-facial and 
dental surgery 


— Obstetrics — General, urological and 
— Orthopaedic surgery gynaecological surgery 
— Regional — Hepatobiliary surgery 
— Sedation — Vascular surgery 


— Transfer medicine 
- Trauma and stabilisation 
— Vascular surgery 
Intensive care medicine 
e Paediatric 
[*Essential for all trainees] 


— Day surgery 


— Orthopaedics 


— Sedation and concious 
sedation in dentistry 


— Regional anaesthesia 
- Trauma and stabilisation 
- Transfer medicine 


Optional units 
. Pain medicine aes ae 
e Ophthalmic e Paediatric 


e Plastics/burns 

e Anaesthesia in developing countries 
e Conscious sedation in dentistry 

e Military anaesthesia 

e Remote and rural anaesthesia 


e Pain medicine 
e Plastics/burns 


Professionalism and medical practice 
Professional attitudes — Clinical practice - Team working - Leadership — Innovation - Management - Education — Safety in clinical practice 
— Medical ethics and confidentiality - Relationships with patients - Legal framework for practice — Information technology 


Teaching and training, academic and research and management 


Academic and research — Training and learning - Management 


FIGURE A.1 


Royal College of Anaesthetists’ Certificate of Completion of Training in Anaesthetics modular training programme (with permission). 
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TABLE A.3 


Major Subspeciality Areas of Anaesthetic Practice 


m Paediatric anaesthesia 

m Obstetric anaesthesia and analgesia 

m Pain medicine (acute and chronic) 

m Intensive care medicine 

m Anaesthesia for cardiac, thoracic and vascular surgery 


m Anaesthesia for neurosurgery and neuroradiology 


for 1-3 months, but trainees in the later stages of train- 
ing may spend an extended period in their chosen sub- 
speciality area of practice. 


Subspeciality Training. A trainee who has gained ex- 
perience of a broad range of anaesthetic practice in 
modular training may decide to focus on a subspecial- 
ity area of practice for an extended period (usually at 
least one year). This phase of training may be accom- 
modated in the trainee’s own training programme or, 
as is becoming increasingly popular, elsewhere in their 
home country or overseas. Although the essential units 
of training are the most common options for subspe- 
ciality training, other areas of practice including re- 
gional anaesthesia, trauma management and academic 
anaesthesia are also popular choices. It is important to 
emphasize that organizing subspeciality training out- 
side the trainee’s own training scheme (known as ‘out 
of programme training’ in the UK) is often a difficult 
and time-consuming process. It must be approved 
prospectively by the relevant training supervisors and 
regulators in the trainee’s jurisdiction if the time spent 
is to be accredited for training purposes. 


Less Than Full-Time (‘Part-Time’) Training. If ap- 
pointed to a substantive training rotation, trainees in 
the UK/Ireland and Australasia may apply to train on 
a less than full-time (LTFT, or ‘part-time’) basis for 
the remainder or part of their training programme. 
However, the overall duration and quality of train- 
ing must not be lower than that achieved by full-time 
trainees. The criteria which are accepted as being le- 
gitimate grounds to be considered for LTFT training 
vary among countries but it would be true to say that 
the most common reason is to accommodate domestic 
circumstances, particularly those relating to raising a 
family. All training programmes have an LTFT training 
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adviser who should be consulted prior to making an 
application to train on a part-time basis. 


Training in Pain Medicine and Intensive Care 
Medicine 


Training in both these major areas of practice is com- 
monly accessed via anaesthesia as the parent speciality 
in UK/Ireland and Australasia. The duration of train- 
ing and the assessments, including examinations, re- 
quired to achieve specialist status successfully in these 
two areas of practice vary among countries. 

Subspeciality training in intensive care medi- 
cine (ICM) in the UK is supervised by the Faculty 
of Intensive Care Medicine of the Royal College of 
Anaesthetists. All anaesthetists complete a minimum 
of six months’ critical care experience during a stan- 
dard five-year specialist registrar training programme. 
In addition, those with a greater commitment to criti- 
cal care may opt to complete the following training 
requirements: 

Intermediate level ICM training: 4-8 months 
(usually 6 months) in general adult intensive care 
medicine in addition to the basic anaesthetic ICM 
training requirements. Trainees must also complete 
10 expanded case summaries as part of intermediate 
training. This level of training is designed to accom- 
modate those trainees who may have a sessional or on- 
call commitment to ICM in consultant practice. 

Advanced level ICM training: 8-18 months (nor- 
mally 12 months) of training in ICM undertaken in 
the final two years of overall training. Up to 50% may 
be in a specialized ICM unit (e.g. cardiothoracic) and 
50% may occur overseas (with prospective approval). 
This level of training is designed for those who intend 
a major, full-time commitment to ICM practice. 

In addition, 4-8 months (normally 6 months) of 
speciality level training in acute general medicine is 
required for both levels of ICM training. Half of the 
requirement may be met through a suitable post in 
emergency medicine. A subspeciality examination in 
ICM is well established in Australasia; a UK Fellowship 
of the Faculty of Intensive Care Medicine (FFICM) ex- 
amination was introduced in early 2013. 

In the UK, subspeciality training in pain medicine 
requires a minimum of 12 months in training cen- 
tres approved by the Faculty of Pain Medicine of the 
Royal College of Anaesthetists in addition to the basic 
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anaesthetic pain medicine training requirements. A 
UK subspeciality examination in pain medicine, the 
Fellowship of the Faculty of Pain Medicine of the 
Royal College of Anaesthetists (FFPMRCA), began in 
2012; subspeciality examinations in pain medicine are 
already well established in Ireland and Australasia. 


ASSESSMENT TOOLS 


The knowledge-based aspects of any curriculum 
are assessed by formal examinations such as the 
Fellowship of the Royal College of Anaesthetists 
(FRCA), Fellowship of the College of Anaesthetists of 
the Royal College of Surgeons of Ireland (FCARCSI) 
and the Fellowship of the Australian and New Zealand 
College of Anaesthetists (FANZCA). However, the 
cognitive, psychomotor and behavioural outcomes re- 
quire a different set of assessment tools to gauge an 
individual trainee’s competence and therefore progress 
in these aspects of the curriculum. 

In the UK, workplace-based assessments (WPBA) 
have been developed in recent years to meet this need 
across all the training years (Table A.4). A similar 
suite of WPBAs is being developed and will be intro- 
duced into the ANZCA training programme. These are 
already familiar to most doctors who have completed 
their foundation training in the UK. In addition to 
the DOPs, A-CEX and CBD, the ALMAT and ACAT 
have been added, which are similar to tools used in 
other clinical specialities for the assessment of larger 
segments of clinical work. They have been adapted to 
allow the assessment of a whole operating list, pain 
clinic or ICM shift. A multi-source feedback (MSF), 
sometimes known as 360° appraisal, is also considered 
an important assessment tool. It provides a sample of 


TABLE A.4 


Workplace-Based Assessment Tools 


= Anaesthesia clinical evaluation exercise (A-CEX) 
= ICM clinical evaluation exercise (I-CEX) 

m Case-based discussion (CBD) 

= Direct observation of procedural skills (DOPS) 
= Anaesthetic list management tool (ALMAT) 

= Acute care assessment tool (ACAT) 

= Multi-source feedback (MSF) 
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attitudes and opinions of colleagues (medical, nursing 
and non-clinical staff, e.g. departmental secretaries) on 
the clinical performance and professional behaviour 
of the trainee. It provides data for reflection on per- 
formance and gives useful feedback for self-evaluation. 

How many WPBAs should trainees undertake? The 
purpose of these assessments is not to slavishly tick 
off each individual competence but to provide a series 
of snapshots from which trainers can infer whether 
a trainee is making satisfactory progress. In the UK 
training system, the number of observations is a mini- 
mum of one of each assessment type for each major 
module of training but the final number depends ulti- 
mately on the individual trainee’s performance. 

Usually, a trainee’s overall progress in UK training 
is reviewed on an annual basis by the ‘annual review 
of competence progression (ARCP). A wide variety of 
evidence documenting the trainee’s progress is avail- 
able to the ARCP panel (Table A.5). It is the indi- 
vidual trainee’s responsibility to present their trainers 
with evidence of satisfactory progress by assembling a 
learning portfolio. To facilitate this process, the Royal 
College of Anaesthetists is developing an e-portfolio 
which will allow trainees to accumulate the necessary 
evidence in a secure, paperless environment. 


Examinations 


Undoubtedly you will already have considerable ex- 
perience (and success!) in taking examinations from 
your secondary education and undergraduate years. 


TABLE A.5 


Evidence to Inform the ‘Annual Review of 
Competence Progression’ (ARCP) Process 


= Evidence of performance in professional examinations - if 
applicable 

m A log of clinical work undertaken 

m A reflective diary of learning experiences 

= The results of WPBAs: DOPS, A-CEX, CBD and ALMAT 

m The Clinical Supervisors’ end of unit Assessment Form(s) [CSAF] 


m A record of agreed targets and outcomes from interviews 
with their educational supervisor 


= A multi-source feedback if appropriate 
m Specific evidence of performance in areas such as research 
and education 


m Optionally, a record of a School of Anaesthesia appraisal 
interview 


However, compared with your previous experiences, 
postgraduate examinations pose different challenges. 
First, you should remember that you will now be 
working and studying for examinations at the same 
time. You should not underestimate how fatigued you 
will feel after a day’s clinical work and how this will 
affect your appetite and receptiveness to learn. In ad- 
dition, you may now have a partner to consider and 
perhaps young children and all of the other domestic 
commitments which inevitably make considerable 
demands on your non-working time. Furthermore, 
you may have the stresses of becoming familiar with 
new working environments, forging new working re- 
lationships and coming to grips with the challenges 
of mastering a whole new skill set in your chosen 
speciality. 

For all these reasons, it is essential that you plan and 
prepare thoroughly before sitting any postgraduate an- 
aesthetic examinations. At least 4—6 months of prepa- 
ration is essential to maximize your chances of success. 
Failure in postgraduate examinations is demoralizing, 
financially expensive and may jeopardize your future 
position in a training programme, so working hard 
to pass first time must be your goal. There now fol- 
low some suggestions on how to tackle the different 
elements of postgraduate anaesthetic examinations. 
Some of the advice included may seem trite and un- 
necessary to many readers but the extensive experience 
of this author has found these basic principles to be 
ignored by many examination candidates. Full details 
of the content, timings and marking schemes of the 
various anaesthetic examinations are available via the 
relevant College websites. 


Multiple-Choice Questions (MCQs). MCQs are a 
feature of the postgraduate anaesthetic examinations 
in UK/Ireland and Australasia at Primary and Final 
levels. The UK uses a combination of multiple true— 
false (MTF) and single best answer (SBA) questions. 
SBAs are used widely in undergraduate medicine and 
by other postgraduate medical examinations both in 
the UK and internationally. Compared to traditional 
MTF questions which assess purely factual recall of 
knowledge, SBAs allow facts to be placed in context, 
making them suitable for testing the application of 
knowledge and problem solving which is essential in 
clinical practice. 
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Preparing for MCQ examinations requires a lot of 
practice of the appropriate genre of question using 
practice papers which are as close as possible to the 
standard encountered in the real examination. Areas 
of weakness in your knowledge base can then be iden- 
tified and remedied by focussed reading in that aspect 
of the curriculum. You should find out the average 
pass mark for the MCQ paper for your College and 
ensure that you are able to achieve this level of perfor- 
mance consistently in practice papers under examina- 
tion conditions before sitting the real examination. All 
Colleges publish some MCQs from their own question 
banks and these can be supplemented by the myriad 
of examination preparation books which populate the 
market. Speak to your trainers and other more senior 
trainees for their advice on which books are currently 
most useful. 


Objective Structured Clinical Examination (OSCE). 
OSCEs feature in the Primary examinations in the UK 
and Ireland. In the UK, up to 18 stations are utilized, 
examining resuscitation skills, technical skills, applied 
anatomy, history-taking, physical examination, com- 
munication skills, anaesthetic equipment, anaesthetic 
hazards and radiological interpretation. One of the 
stations involves the use of a medium-fidelity simula- 
tor to assess management of a critical incident. 

There are several books on the market which cover 
the scope of the UK anaesthesia OSCE exam. However, 
it is advisable that trainees attend at least one full prac- 
tice OSCE which closely follows the scope and format 
of the real thing to ensure that they are fully prepared 
for this element of the examination. 


Short Answer Questions (SAQ). Short answer written 
questions are included in both the Primary and Final 
FANZCA and the Final examinations in the UK and 
Ireland. It cannot be emphasized enough that pre- 
examination practice in writing short answer ques- 
tions is essential to maximize success. This ensures that 
trainees focus on the question precisely as phrased by 
providing in their answer no more and no less than 
what is asked. Examiners take great care in the word- 
ing of questions so when a question asks for a ‘List, 
then a list is what the examiners expect to be produced 
in the answer. If a question asks for a description of 
postoperative management, then only that aspect of 
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the patient’s care should be discussed in the answer; 
no credit will be given for material detailing preopera- 
tive assessment or intraoperative care, no matter how 
erudite! 

Timing is all-important in written examinations. 
Trainees should allocate the same amount of time to 
answering each SAQ and abide strictly to this disci- 
pline. The temptation to spend a few extra minutes 
on some questions should be resisted because it may 
result in the potentially disastrous consequence of hav- 
ing little or no time to answer the last few questions on 
the paper. In the UK and Irish examinations, the SAQs 
are usually broken down into subsections and the per- 
centage marks allocated to each section indicated to al- 
low candidates to allocate their time accordingly. 


Structured Oral Examinations (SOE). SOEs (previ- 
ously known as viva voce examinations) feature in all 
parts of the anaesthetic postgraduate examinations 
in the UK, Ireland and Australasia. Although they 
may assess differing aspects of their respective cur- 
ricula, the overriding principle being assessed in the 
oral examinations is the ability to demonstrate under- 
standing of the material being discussed rather than 
the capacity to simply recall facts (factual recall of 
core knowledge areas is assessed more appropriately 
by MTF MCQs). It is therefore unlikely that a can- 
didate will be successful in the oral examinations if 
there is a failure to demonstrate a sound knowledge 
base, an understanding of the underlying theoretical 
principles and the ability to apply this knowledge to 
clinical situations. 

With this in mind, it is essential that candidates 
gain ample coaching in oral examination technique. 
There is no substitute for having to formulate coherent 
answers in response to live questioning. Even the most 
knowledgeable candidates can become tongue-tied, 
particularly when under stress, and there is no doubt 
that everyone’s performance in oral examinations im- 
proves with practice. I tell my trainees that they should 
aim for 40-50 practice orals before they attempt the 
real examination. Although your trainers will un- 
doubtedly help you, these practice orals do not all 
have to be conducted by consultants or involve a lot of 
personal expense on examination preparation courses. 
Working in study groups with your peers and taking 
it in turns to be the examiner can be just as effective. 
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Asking more senior trainees who have recently passed 
the relevant examination to help with mock orals is 
also very useful because they are likely to have a good 
idea of the standard required to pass. 


Learning Resources. By the time you have entered 
postgraduate training you will already have a good 
idea which types of learning resources suit you best. 
However, in this multimedia age, there is a large 
range of learning materials at your disposal to aid 
in preparation for examinations. In addition to the 
traditional textbooks and examination preparation 
courses, there are numerous websites devoted to ex- 
amination preparation. An outstanding example is 
e-Learning Anaesthesia (e-LA) which is a web-based 
educational resource produced by the Royal College 
of Anaesthetists in partnership with e-Learning for 
Healthcare (e-LfH). Available at no charge to UK an- 
aesthetists practising in the NHS, e-LA delivers the 
knowledge and key concepts which underpin the an- 
aesthetic curriculum and helps trainees to prepare for 
the FRCA examination. There are currently over 1000 
knowledge and scenario-based sessions covering the 
first two years of the anaesthetic curriculum. e-LA 
may be accessed via the Royal College of Anaesthetists’ 
website. 

Simulation is becoming a very popular and power- 
ful tool to aid learning. Low, medium and high fidelity 
simulators are now commonplace and most trainees 
are able to access these resources at some point in their 
training. Simulation provides the opportunity to prac- 
tise technical skills and management of clinical situa- 
tions (particularly critical incidents) which they may 
not yet have encountered in real life, in a safe environ- 
ment. Simulators are also used as an assessment tool 
in the Primary FRCA OSCE exam, as discussed above. 

Working in study groups is a very effective method 
of examination preparation. It is difficult to judge your 
own standard of performance and preparedness for 
postgraduate examinations, particularly in relation to 
the SOEs, because you are studying in relative isolation 
from your peers compared to the heavily supervised 
collegiate approach at undergraduate level. It is reas- 
suring to discuss your worries and concerns about the 
forthcoming examination in a mutually supportive 
forum and useful to gauge your knowledge and under- 
standing of topics in discussion with your colleagues. 


LIFE-LONG LEARNING AND CPD 


Finally, it is worth emphasizing that postgraduate 
learning does not end with passing College exami- 
nations and successfully completing a training pro- 
gramme. Once you have completed training, it is your 
professional duty to remain up-to-date in all aspects 
of your clinical practice (including knowledge, skills 
and professional behaviours) to ensure that you de- 
liver safe, high quality care to your patients through- 
out your remaining career. From 2012 in the UK, all 
doctors who are not in training positions have been 
required to revalidate every five years and this will 
include a requirement that doctors can demonstrate 
adequate evidence of continuing professional develop- 
ment (CPD). To facilitate development of a CPD port- 
folio, the Royal College of Anaesthetists has produced 
a CPD matrix — a framework of three levels of CPD 
with specified knowledge and skills which doctors 
who are not in training grades and who are practis- 
ing anaesthesia, critical care and pain medicine, need 
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to meet in order to revalidate. The Royal College has 
introduced an online CPD system which allows all 
those practising in anaesthesia, critical care and pain 
medicine to record CPD activity, update their personal 
development plans and search for CPD-approved 
events. A similar CPD scheme, including an online 
CPD portfolio, has also been developed by ANZCA. 
Full details of both schemes are available via the re- 
spective Colleges’ websites. 


FURTHER READING 


Full details of curricula, training programmes and 
postgraduate examinations relevant to the country in 
which you are training are available via the respective 
College or other regulatory authority responsible for 
postgraduate anaesthetic training. Website addresses 
for the UK, Irish and Australasian Colleges are as 


follows: 

Royal College of Anaesthetists, www.rcoa.ac.uk. 

College of Anaesthetists of Ireland, www.anaesthesia.ie. 

Australian & New Zealand College of Anaesthetists, www.anzca.edu.au. 


TRIALS 


S tatistics is the science of learning from data — 
from collection and organization through to analysis, 
presentation and dissemination. Like all sciences, it has 
its own vocabulary and can sometimes appear some- 
what impenetrable to the uninitiated. This appendix 
is intended to give an overview of statistical processes 
and methods but readers are advised to go to the myr- 
iad texts on medical statistics for more detail. 

Whenever data are collected, in a more or less sys- 
tematic fashion, statistics are produced: how many 
things? What size? How old? The science of statistics is 
concerned with turning this information into some- 
thing useful. Generally, this is either to describe the 
things we are measuring or to make some inference 
or prediction from them. Often within medicine there 
is a question attached — commonly of the form: ‘Is one 
group somehow different to another group’? 


TYPES OF DATA 


The type of data collected makes a big difference to 
what can be done with them using statistics. 

At the most basic level, it is fairly straightforward 
to count things. How many patients died? How many 
were sick after surgery? How many of the patients 
who were sick were women? Sometimes these are 
simple categories with no order or value. Apples 
and oranges are not usually described as ‘better’ or 
‘larger’ than the other. They are just categories or 
names of fruit. Male/female; White British/Indian/ 
Japanese — these are all simple ‘categorical’ or ‘nom- 
inal’ data. The categories may be somewhat arbi- 
trarily defined, with the possibility of overlap. Clear 
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rules are therefore needed to define what goes in 
which category. 

Sometimes, the categories may have an order — 
mild/moderate/severe pain has a natural order as does 
easy/difficult/impossible mask ventilation. These are 
called ‘ordinal data. Some of these data lend them- 
selves to having numbers attached but these numbers 
are no more than labels for ordinal data. The Glasgow 
Outcome Scale has five categories from 1 — Dead, 
through to 5 — Good recovery. Clearly 1 is a worse out- 
come than 5, but there is no suggestion that the differ- 
ence between the numbers is the same. Since the data 
have an order, the median value has some meaning. 
The special cases of rating scales (such as pain and 
anxiety scales) are discussed below. 

Data which correspond to measurements of physi- 
cal constructs are usually amenable to the use of in- 
terval and ratio scales. An interval scale is an ordered 
sequence of numbers in which there is a constant in- 
terval between each point in the scale. For instance, 
the difference in temperature between 1 and 2°C is 
the same as between 101 and 102°C. However, the 
zero point is arbitrary, so ratios are not appropriate — 
100°C is not twice as hot as 50°C. 

A ratio scale is a type of interval scale where there 
is a true zero — negative numbers cannot exist. For ex- 
ample, there is no temperature below 0 Kelvin, and 
there is no such thing as a negative length. This does 
allow ratios to be used. 100 Kelvin is twice as hot as 50 
Kelvin, and someone who is 2 m tall is twice the height 
of someone who is | m tall. Interval and ratio data can 
be described using the mean, although this may not 
always be appropriate. 


SUMMARIZING DATA 


When describing data, it is often helpful to have some 
idea of a representative value — the ‘average’ in common 
parlance. In statistical terms, this is a value which de- 
scribes the ‘central tendency’ of a set of data. In general, 
there are three types of ‘average’: mean, median and 
mode. Within this appendix, the term average is used 
commonly and deliberately to encompass any of these. 

Mode is simply the commonest value. It is used for 
categorical data. 

Median is the middle value (or half way between 
the two middle values if there is an even number of 
data points). It is used for ordinal data. 

Mean is the representative value used for interval 
data. The arithmetic mean is most commonly used, 
but it is only one of three ‘Pythagorean means’, the 
other two being the geometric and harmonic means. 

Arithmetic mean (AM) is the sum of all the values 
divided by the number (n) of values (x,...x,). In alge- 
braic notation: 


The geometric mean (GM) is found by multiplying 
all the numbers together and then taking the n" root. 


GM =; ITs = fx, le 
i=1 


The geometric mean is used when factors have a 
multiplicative effect and we want to find the average ef- 
fect of these. It is most commonly used in finance (av- 
erage interest rates) but is used in medicine when the 
‘mean’ of logarithmically transformed values is used. 

The harmonic mean (HM) is the rather wordy, re- 
ciprocal of the arithmetic mean of the reciprocals of 
the values. 


1 
HM = 7 n 


DP 1 L Epad 


i=1 
n x, xX XxX, x, 


It is the most appropriate mean for comparing rates 
(such as speeds) or ratios. It is also used when calculat- 
ing the effect of parallel resistances. 
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There are some other special means, of which the 
root mean square (RMS) or quadratic mean (QM) is 
perhaps the most widely quoted. 


QM = j (eta tx!) 
n 


This is used to describe the average value of a varying 
quantity such as sine waves — most notably it is the method 
used to describe the ‘average’ voltage of an AC current. 

The means give some idea of the ‘typical’ value, but 
it is usually helpful to have some idea of the spread of 
the values. 

At the simplest level, the range or maximum and 
minimum give an idea of the spread. Similarly, the in- 
terquartile range (25" and 75" centiles) describes the 
middle 50% of the dataset. 

The standard deviation is a useful description of the 
variation around the mean because it can be manipu- 
lated in statistical tests. It is defined as the square root 
of the variance. 

If we have data from the whole population (which 
is relatively uncommon) then the population standard 
deviation (o) is: 


o= bls =p) 


where N is the number of items in the population, 
and p is the population mean. 

If we only have a sample, then the sample standard 
deviation (s) is given by: 


= [ie za) 


where x is the sample mean. 

The use of ‘N—V rather than ‘N’ is known as Bessel’s 
correction and is needed to account for the fact that the 
sample standard deviation is less accurate than that of 
the whole population. Clearly, as the sample becomes 
larger, the effect of N—1 becomes smaller. 


SAMPLING 


It is relatively unusual to measure the whole popula- 
tion of interest because it is usually impractical, ex- 
pensive and unnecessary. In most situations, a sample 
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is taken from the population and the items of interest 
recorded. Generally, it is hoped that the sample repre- 
sents the total population as closely as possible. If the 
sample is a truly random selection from the population 
then quite robust inferences about the whole popula- 
tion can be made. The randomness of the selection is 
very important; if the sample is not truly random, then 
the statistical models used generally do not work well. 


PROBABILITY 


If an event or measurement is variable, then whenever 
we measure it, it could have one of a range of values. 
Probability is simply the proportion of times that the 
value (or range of values) occurs. Probability is the 
chance of something occurring and always lies be- 
tween 1 (always occurs) and 0 (never occurs). If one 
out of every hundred people is allergic to penicillin 
then the probability of meeting someone allergic to 
penicillin is 1 in 100, or 0.01. 

The probability of exclusive events are additive, 
and the sum of all mutually exclusive probabilities 
must always equal 1. In other words, if the probabil- 
ity of the patients on the emergency theatre list being 
from gynaecology wards is 0.3 and the probability of 
them being from general surgical wards is 0.5, then the 
probability of them being from neither specialty is 0.2 
(1 — (0.3 +0.5)) 

If probabilities are independent (i.e. the probabil- 
ity of one event is not affected by the outcome of an- 
other) then they can be multiplied. For instance, the 
probability of a general surgical patient being female 
might be 0.6, in which case the probability of meeting 
a female general surgical patient on the list would be 
0.5x0.6=0.3. 

Sometimes, we are interested in relative probabili- 
ties; what is the chance of something occurring in one 
group compared with the chance of something oc- 
curring in another group? There are various methods 
used to describe this, which will be discussed later in 
this section. 


DATA DISTRIBUTIONS 


Often, there is apparently random variation in events 
or processes. If we toss a coin, it falls randomly either 
heads or tails; similarly, a dice will land on any number 
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between 1 and 6 at random. If we measure the weights 
of children attending for surgery, they will vary at ran- 
dom around some central value. The probability of 
any one value, or range of values, is described by the 
probability distribution. Although medicine often 
refers to the ‘normal’ or ‘Gaussian’ distribution, this 
is only one of many possible probability distributions. 


Uniform Distributions 


The mean value from a 6-sided dice throw is 3.5; if you 
throw the dice many times and add up the total score 
and divide by the number of throws, it will be close 
to 3.5. However, the probability of throwing numbers 
close to the mean (3 or 4) is the same as the probability 
of throwing numbers at the extremes (1 or 6). In fact, 
the probability of any number is the same (1 in 6) — a 
uniform distribution. Uniform distributions are used 
to generate random numbers — the chance of any par- 
ticular value is the same. In theory, the probability of 
being on-call on a particular day is also a uniform dis- 
tribution, provided there are no special rules. 


Non-Uniform Distributions 


Most biological data come from non-uniform distribu- 
tions. Often, these are centred on the average and the 
probability of a particular value is greater if it is closer to 
the average. Extreme values are possible but less likely. 

The most well-known of these non-uniform distri- 
butions is the normal distribution - so called because 
most ‘normal’ events or processes approximate to it (or 
can be transformed in some way to approximate it). 
It is also known as the Gaussian distribution after the 
polymath Carl Friedrich Gauss (also of Gauss lines in 
MRI). This distribution is defined mathematically on 
the basis of two values (parameters) — the mean and 
standard deviation. The probability frequency distri- 
bution is a bell-shaped curve. The mode, median and 
mean are identical, and the degree of spread is gov- 
erned by the ratio of the standard deviation (SD) to 
the mean. It is important to understand that the nor- 
mal distribution is only one of an infinite number of 
bell-shaped curves. A bell-shaped probability distribu- 
tion is not necessarily ‘normal. 

The normal distribution has some useful proper- 
ties, not least that it is possible to calculate the prob- 
ability of finding a range of values based solely on the 
standard deviation (Fig. B.1). 


Frequency 
© 
N 
oO 


95% of 
population 


2.5% of 
population 


2.5% of 
population 


4 -3 -2 -i 0 1 2 3 4 
Standard deviation away from the mean 


FIGURE B.1 
of zero and standard deviation of one. The unshaded areas 
which are greater than 1.96 standard deviations above and 
below the mean each encompass 2.5% of the population. The 
shaded area (mean+1.96 standard deviations) therefore cov- 
ers 95% of the population. 


A normal distribution curve, with a mean 


The 97.5" centile of the normal distribution is 
1.96 SD away from the mean. Therefore, the probabil- 
ity of finding a value more extreme than this (there 
are two sides to the distribution) is 5%. Conversely, 
95% of values, if selected at random, would be ex- 
pected to be found within+1.96 standard deviations 
of the mean. Similarly, 68.3% of values would be ex- 
pected to be within 1 standard deviation on either side 
of the mean. 

Sometimes, distributions are skewed — the mean, 
median and mode are not identical. If the long tail 
is to the right, this is termed a right-skew (or posi- 
tive skew), and pulled to the left a left-skew (nega- 
tive skew). In general, for a left-skew distribution, the 
mean is less than the median, and both are less than 
the mode. The converse holds for right-skewed distri- 
butions (Fig. B.2). 

Skew distributions are not so easy to handle with 
statistical tests, but often the data can be transformed 
to create a normal distribution. Commonly, taking the 
logarithm of the data will transform mildly skewed 
data into a normal distribution. 


Chi-Square Distribution 


The chi-square distribution (y’) is most commonly 
seen when used as the basis of comparing proportions 
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Frequency 


0 02 04 06 08 1 12 14 16 18 2 
Variable value 
FIGURE B.2 =" Different types of frequency distribution 
curve. , right/positive skew distribution. ------------ 
Weibull distribution. Note that, although it is bell-shaped, it 
is not a normal distribution. ------- , normal distribution. 


of observed versus expected events. However, it is also 
fundamental to the t-test and analysis of variance 
(ANOVA). It is defined by only a single number; k is 
the number of degrees of freedom in the data. 


Inferring Information from a Sample 


If we were to measure some aspect of a complete pop- 
ulation (e.g. the weight of every member of the an- 
aesthetic department) we would be able to state with 
absolute confidence what the average and spread of 
that value were. If we measured everyone but one, we 
would be very confident, but there would be some er- 
ror in our estimate of the average. If we measured only 
a few (selected at random) then we would still have an 
estimate of the average, but we would be less certain 
still about exactly what it was. Using various statistical 
tests (see below) we can quantify the degree of confi- 
dence that we have in our estimate of the population 
average. 


BIAS 


All of the above assumptions about sampling from a 
population assume that the sample is taken at random 
and is therefore representative of the whole popula- 
tion. However, there are many sources of bias which 
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can invalidate this assumption. Some of these may be 
due to the design of the experiment; some may be due 
to behaviour (conscious or unconscious) of the inves- 
tigator or the subject of the investigation (e.g. a patient 
or volunteer). There is no study ever conducted which 
has no bias somewhere. The role of investigators, regu- 
lators, research community, funders and end-users of 
research is to minimize this bias and account for it as 
far as possible. 


Selection Bias 


Topic Selection. The questions asked by researchers 
are a complex product of their interests and skills, 
resources available and their ability to attract suf- 
ficient funding. It is widely recognized that there is a 
distortion of research funding by financial resource 
and equipment. Pharmaceutical companies have a le- 
gitimate interest in research in their product areas, but 
these may not be the most beneficial for patients over- 
all; charities target their resources and government 
funders may sometimes follow political rather than 
healthcare imperatives. 


Population Selection. Some patient groups are easier 
to study than others, but the findings in one patient 
population may not be applicable to others. Within 
anaesthesia, this is perhaps most evident in the relative 
lack of pharmacological studies in the very young and 
the very old. 

Similarly, most clinical studies are run from large 
teaching hospitals, whereas most patients are treated 
in smaller district general hospitals. Outcomes are not 
necessarily the same for these groups — although not 
always better in the larger hospitals. 


Inclusion/Exclusion Bias. Even if the appropriate pop- 
ulation is studied, there is always a risk that the sample 
itself will be unrepresentative of the population. Some 
patients may be more likely to be approached for in- 
volvement in a research study, and some may be more 
likely to consent or refuse. 


Methodological Bias. Head-to-head comparisons 
may be deliberately or accidentally set up to favour 
one group over another. A study of an adequate dose 
of a new oral opioid compared with a small dose of 
paracetamol (acetaminophen) is always going to dem- 
onstrate better analgesia with the opioid. Other more 
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subtle biases are common in many anaesthesia and 
pain research studies. 


Outcome Bias 


Detection Bias. If an investigator (or patient) has 
an opinion about the relationship between group 
membership and outcome then an outcome may be 
sought, or reported, more readily in one group than 
another. This may be conscious or unconscious. 
Most anaesthetists believe that difficult intubation 
is more common in pregnant women. A simple sur- 
vey of difficult intubation is likely to reinforce this 
finding because this is the group in which cases are 
most likely to be sought. A patient who has received 
regional anaesthesia may be more likely to report 
good analgesia than one allocated to receive oral 
analgesics. 


Missing Outcomes. It is not possible to measure 
every outcome in a study, so the investigator has 
to make a decision about which ones to choose. If 
an important variable is not measured, then this 
may lead to a biased perception of the effects of a 
treatment. 


Reporting Bias. Research with positive results is 
more likely to be published in high quality journals 
and negative studies are less likely to be published at 
all. Some of this is bias from the journals, and some 
of it is bias by researchers who choose not to submit 
negative findings. Occasionally, commercial organi- 
zations restrict publication of studies which do not 
portray a favourable view of their product. The effect 
of this is that there is a bias in the literature in favour 
of positive studies. To use a coin tossing example, if 
researchers only ever published data when they got 
6 or more heads in a row, the literature would soon 
be awash with data suggesting that the coins were 
biased. 

More subtle is the non-reporting of measured 
outcomes. A study which finds a positive effect 
in a relatively minor outcome may fail to report 
a neutral or negative effect on a major outcome. 
This is extremely hard to detect because it relies on 
transparency from investigators about what they 
measured. 

Outright fraud is still thought to be relatively rare, 
but there are several high profile cases of anaesthesia 


researchers fabricating data, publishing studies that 
never took place or manipulating data to fit their 
beliefs. 


TESTING 


Within medicine and anaesthesia, professionals strive 
to achieve the best outcomes possible for patients. It is 
therefore very common to ask a question of the form: 
‘Is the outcome in group A better than in group B? We 
already know that if we take a sample from a popu- 
lation (e.g. the total population of group A) we will 
be able to estimate the true population average. If we 
do the same for group B, that will provide an estimate 
for population B. Due to simple random variation, the 
average value for A and B will always be different, pro- 
vided we measure them with sufficient precision. What 
we really want to know is how confident we are that 
any differences that we see are not just due to chance. 
As shown in Figure B.3, if the degree of separation of 
the two groups is small, or the spread of either is rela- 
tively large, then there is a reasonable chance that the 
average estimated for group B could have come from 
population A. Conversely, if the separation is larger, or 
the spread is smaller, the chance of the estimated aver- 
age for B being found in population A is small (but 
never zero). 

This is the fundamental principle behind most sta- 
tistical testing. What is the probability that the result 
that has been found has occurred simply by chance? 
Note that this does not mean that the result could 
definitely not have occurred by chance, just that it is 
sufficiently unlikely to support the hypothesis that the 
groups really are different. 

By way of a simple example, the probability of 
tossing 6 heads in a row with an unbiased coin is 0.5° 
(0.0156), or 1 in 64. This is by definition unlikely, so 
you would be suspicious of the coin being biased to- 
wards heads. However, it is clearly not impossible, and 
does occur (1 in 64 times on average). 

An important principle with statistical testing is 
the concept of paired tests. There is inherent variabil- 
ity between things being measured — people, times, 
objects. This variability between things increases the 
spread of values we might measure, making it harder 
to demonstrate a difference between groups. However, 
if we measure the difference within an individual then 
the difference may be easier to find. To take a trivial 
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FIGUREB.3 = Theeffectofchanging mean and standard devia- 
tion on overlap of frequency distributions. A, solid line- mean 10, 
standard deviation 1; dotted line- mean 20, standard deviation 1. 
B, solid line - mean 10, standard deviation 4; dotted line - mean 
20, standard deviation 4. C, solid line - mean 10, standard de- 
viation 1; dotted line - mean 12, standard deviation 1. 


example, if we want to see whether fuel consumption is 
better with one fuel compared with another, we might 
take 20 cars with one fuel and compare them with 20 
cars with another — an unpaired test. However, the 
40 cars will all have other factors which influence fuel 
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consumption and this variability will hinder our ability 
to demonstrate a difference. If we take 20 cars and test 
them with both fuels (choosing at random which fuel 
to test first) then we have a much better chance of dem- 
onstrating a difference. A paired test is one in which the 
results of some intervention are tested within the indi- 
viduals in the group, not between groups. 

Within anaesthesia, paired tests are relatively unusual, 
because we do not normally have situations in which we 
can test more than one thing on one individual. There 
are some examples, such as physiological experiments 
studying the effects of drugs during anaesthesia. 

When data (or their transforms) can be legitimately 
modelled as coming from a defined probability distri- 
bution, they are described as being from a paramet- 
ric distribution. Most commonly, this is the normal 
distribution, but binomial, Poisson, Weibull, etc. are 
all defined distributions. Data from undefined prob- 
ability distributions are non-parametric. In general, 
parametric statistical tests are more powerful than 
non-parametric tests, so should be used if appropri- 
ate. Non-parametric tests rely on far fewer assump- 
tions and are considered more robust. They can also 
be used on parametric data. 

Before performing any statistical tests, there are a 
few simple rules and questions which reduce the likeli- 
hood of applying the wrong test or misinterpreting the 
results. 


= What question do you want to answer? 

= What type of data do you have? Categorical data 
requires a different approach to ordinal or inter- 
val data. Survival analysis, comparison of mea- 
surement techniques, etc. will require different 
approaches. 

m Plot the data using scatter plots and frequency 
histograms. Summary statistics may completely 
hide a skewed distribution or bimodal data. 

m Are there any obvious erroneous data? Trans- 
cription errors are fairly common, so always 
check that the data are accurate. 

m Are the data paired or unpaired? 

m Can a parametric test be used? If not, can the 
data be transformed so that a parametric test can 
be used? 

m Is there an element of multiple testing? 


A flow-chart suggesting rules to guide selection of 
tests is shown in Figure B.4. A brief summary of the 
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tests described is given in the next section. The flow 
chart is not an exhaustive list; there are many other 
tests and situations not covered, but researchers should 
always explain if they feel the need to use more recher- 
ché approaches. 


Chi-Squared Test 


This test compares the expected number of events 
with the actual numbers. Data are tabulated in a 
contingency table; 2x2 tables are the simplest, but 
larger tables can be used. In general, the number of 
degrees of freedom is the number of columns in the 
table minus one multiplied by the number of rows 
minus one. (i.e. for a 2X2 table, the degrees of freedom 
would be (2—1)x(2—1)=1. 


Y= = (O,-E,) 


i 


If the expected frequencies are not known (e.g. 
50/50 for male/female) the expected value for each cell 
(E,) is determined by the number of observed events 
in that cell’s row multiplied by the number of events 
in that cell’s column, divided by the total number of 
events. An example is shown in Box B.1. The expected 
frequency for cell A is (A+B) (A+C)/N 

The calculated y’ statistic is then compared with 
a table of probability values for y? for each degree of 
freedom. This gives a probability that the observed 
frequencies came from the same population as the ex- 
pected frequencies. 

A worked example is shown in Box B.2. The expected 
columns are inserted to show the calculations. The ba- 
sic table is 2 x2. y? is the sum of the (O — E)’/E values 
for each cell: 


{(15—10.9)’/10.9} + {(40 — 44.1)°/44.1} + 
{(6—10.1)’/10.1} + {(45 — 40.9)’/40.9} = 4.0 


The critical value from the x° tables for P=0.05 and 
one degree of freedom is 3.84. x’ is greater than this, 
making it unlikely that the distribution of data comes 
from a single population. 

There are some standard assumptions with y? tests. 
There should be sufficient samples; the expected cell 
counts should all be >5 in 2x 2 tables, or >5 in at least 
80% of cells in larger tables. If these conditions are not 
satisfied, then alternative approaches are used such as 
Yates’ continuity correction or Fisher’s exact test. 


Type of data 


Categorical 


Chi-square 
Fischer’s exact 


Type of question 


Scoring/ 
Relationships diagnostic Survival Differences 
tests 


Dependent Independent || ROC curves Kaplan-Meier 
data 


Parametric 


variables variables Hosmer- Log rank tests data 


Lemeshow Cox proportional 
hazards 
: Non- Comparison f : Multiple : ; Multiple 
Paramete parametric of measurements Unpaired Paired groups Unpaired Paired groups 


T€ {| 1 T T | I] 


; Spearman’s = Unpaired Paired Mann- Wilcoxon Kruskall- 
Regression Person > rank Bileme Aime t-test t-test ANOVA Whitney U || signed rank Wallis 
analysis correlation analysis 


correlation 
| Post hoc testing: Tukey’s; Bonferroni; Dunn’s | 


FIGURE B.4 ® Flow-chart suggesting rules to guide selection of statistical tests. 
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BOX B.1 
EXAMPLE OF A CONTINGENCY TABLE FOR CALCULATION OF y? 


With Treatment 


Without Treatment Row Marsginals 


Good outcome A B E=A+B 
Bad outcome C D F=C+D 
Column marginals G=A+C HBD N (total)=A+B+C+D 


BOX B.2 
A WORKED EXAMPLE OF A CONTINGENCY TABLE FOR CALCULATION OF y? 


WONDER DRUG PLACEBO 
Observed Expected Observed Expected Row Marsginals 
Lived 15 10.9 6 10.1 21 
(21 x 55)/106 (21x 51)/106 
Died 40 44.1 45 40.9 85 
(85 x 55)/106 (85 x 51)/106 
Column marginals SA Sil 106 


Rank Tests 


If data are ranked in order, then if two groups are suf- 
ficiently different, we would expect the sum of these 
ranks to be much smaller for one group than the other. 
The bigger the groups, the smaller the difference in 
the sum of these ranks which we would accept. This 
concept is the basis for the Wilcoxon signed rank and 
Mann-Whitney U tests. Essentially, the sum of the 
ranks, corrected for the sample sizes, is compared 


with a table of probabilities calculated from the 
U-distribution. 

Because these rank tests do not perform any sta- 
tistical tests on the values themselves, they are robust 
to the presence of outliers. It does not matter how ex- 
treme a particular value is; only its rank is important. 

An example is shown in Box B.3. If the null hy- 
pothesis is true, the rank sums are equal; the more 
unequal they are, the less support there is for the null 


BOX B.3 
A WORKED EXAMPLE OF MANN-WHITNEY U TEST 


The first few nausea scores in a trial of cyclizine (group C) and an imaginary anti-emetic NoVom (group N) using a 100mm 


visual analogue scale are: 


Group C 0 5 12 13 
Group N 3 6 9 10 


These scores are ranked and the scores from NoVom are in bold: 


Rank order: 0 3 5 6 
Ranking: 1 2 3 4 


10 12 12 13 1S 
6 TS TES) S) 10 


The rankings are then summed for each group. Shared scores rank equal, which is why the scores of 12 each rank 7.5: 


Group sum of ranks: 


Groupe TSE 7S E90 305 
Group N= 2+4+5+6+7.5=24.5 


hypothesis. P is read from a table of expected rank 
sums against n. The whole procedure is now done by 
computer, with no need to read from tables. 


t-Tests 


Provided that the data approximate closely enough to a 
normal distribution, t-tests provide a powerful method 
for assessing differences between two groups. Unlike 
the rank tests, the t-distribution uses the data values 
themselves — the calculation uses the mean, standard 
deviations and sample sizes of the two groups. Again, 
although it can be done by hand, it is more robust to use 
one of the myriad statistical software packages available. 

Rating scales are extremely popular in anaesthetic 
research — pain, nausea, satisfaction and anxiety are all 
commonly measured using verbal, numerical or visual 
analogue scales. The safest way to analyse these is us- 
ing non-parametric statistical tests because these avoid 
any assumptions about the interval between points. 
However, in practice, many studies assume that the 
data behave as normally distributed data and analyse 
them using t-tests. 


Multiple Testing 


Sometimes, we may want to look for differences between 
multiple groups or at multiple times within groups. In 
this case, the obvious answer might be to perform multi- 
ple tests. However, this leads to a probability problem. If 
we had three groups (A, B, C) then there would be three 
comparisons: A-B, A-C and B-C. The chance of finding 
a ‘positive’ finding purely by chance is now rather greater. 
As the number of comparisons increases, the number of 
‘chance’ findings will inevitably increase. 

There are numerous approaches to this problem. 
One is simply to correct the overall P-value so that it 
remains correct by adjusting the P-values for the in- 
dividual tests. This is the principle of the Bonferroni 
correction. This is simple to calculate (the P-value 
for each comparison is approximated by the overall 
P-value divided by the number of comparisons) but it 
may be too conservative in some situations. 

An alternative approach, which is widely used (and 
abused), is to employ the family of statistical tests 
known as ANOVA (ANalysis Of VAriance). When 
properly constructed, ANOVA can provide information 
about the likelihood of significant variation between or 
within groups. ANOVA requires various assumptions 
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about the distribution of the data, including normality. 
The non-parametric equivalent is the Kruskal-Wallis 
test. When applied to two groups, ANOVA is a t-test, 
and Kruskal—Wallis a Mann—Whitney U. 

If these tests suggest a significant difference, there 
are various post hoc tests used to identify where the dif- 
ference lies, without falling foul of the multiple testing 
issues described above. Tukey’s Honestly Significant 
Difference is commonly used in medical research. 


Relationship Testing 


Sometimes, rather than asking the question of whether 
groups are different, we want to know how certain fac- 
tors relate to each other. When there are several vari- 
ables, tests from the family of regression techniques are 
used, of which logistic regression is the best known. 
Essentially, the strength of association between a set of 
variables (e.g. age, sex, presence of active malignancy) 
and an outcome (e.g. length of stay in intensive care) 
is tested. It is important to note that association does 
not imply causation and if important variables are left 
out, then erroneous conclusions can be drawn. For ex- 
ample, yellow staining of the fingers is associated with 
the diagnosis of lung cancer, but is not the cause. 
Sometimes, a more straightforward relationship is 
sought. How does weight vary with age in children? 
Correlation statistics give an idea of the strength of 
such an association — in other words how much scatter 
around the expected value we might expect. To take 
the example of children’s weight and height, there is 
a reasonable correlation — hence the various formulae 
for estimation of children’s weight. However, there is 
considerable scatter due to other factors — nutrition, 
race, gender — so there is not a perfect correlation. 
The most commonly used correlation analysis is 
Pearson’s or least squares correlation. This gives an esti- 
mated equation predicting one variable (y) from another 
(x) (of the form y= mx+ c) and a correlation coefficient 
(R) —a summary statistic of how close the variables lie to 
this predicted line. Truly random association would have 
a correlation coefficient of 0, and perfect association 1. 
This approach is insensitive to changes in scale of 
either variable. This is to be expected — the correlation 
between height and weight should be the same re- 
gardless of whether metric or imperial units are used. 
However, this does mean that correlation can tell us 
nothing about whether the prediction of one value 
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from another is accurate — only that as one increases, 
the other increases by a similar relative amount. 
Second, the statistical interpretation of R? is deter- 
mined by the sample size. A large sample may have low 
(near zero) R? but still have a statistically significant 
association between the two variables. 

The shape of the relationship is important — always 
look at the data. As seen in Figure B.5, curvilinear rela- 
tionships may have apparently reasonable correlations. 

A similar approach can be taken to correlations 
between non-parametric data using Spearman’s rank 
correlation. 


Comparison of Techniques 


It is relatively common for anaesthetists to wish to find 
out whether measurements taken with one device are 
interchangeable with those from another. For instance, 
is cardiac output measured by pulse contour analy- 
sis equivalent to that obtained by thermodilution? 
Correlation describes the relationship between two 
set of measurements — does one increase as the other 
increases? — but does not adequately describe the accu- 
racy of the technique. This is more appropriately done 
using the Bland—Altman technique (Fig. B.6). 

Paired measurements of the variable of interest are 
taken, e.g. cardiac output with bolus thermodilution 
(A) and a new monitor (B). The mean of these val- 
ues ((A+B)/2) is plotted against the difference (A—B). 
The mean difference between the measurements is the 
bias. The limits of agreement are usually defined as the 
bias + 1.96 x the standard deviation of the differences. 
It should be noted that these limits of agreement are 
purely descriptive. They do not define what is clini- 
cally acceptable — that is a matter for the investigator to 
justify. Often, these limits of agreement are described 
as percentages of the overall mean value. 

Within medicine, there is usually not a true ‘gold 
standard’ against which to compare a new device. There 
is inaccuracy even in the best devices compared to the 
‘true’ value (e.g. real cardiac output). This has impor- 
tant implications for evaluating new devices. A perfect 
new device would inevitably have some degree of varia- 
tion compared to current devices. Two devices of equiv- 
alent accuracy, when compared with each other, would 
be expected to have wider limits of agreement than each 
alone. An example of this is the comparison of thermo- 
dilution and other methods of estimating cardiac out- 
put. The error for thermodilution against ‘true’ cardiac 
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FIGURE B.5 Linear regression. Scatter plots of two possi- 


bly related variables. The lines show the calculated regression 
lines. A - shows reasonably well correlated data. R? = 0.8. 
B - data with no correlation at all. R? = 0. C - data which 
shows reasonable correlation (R?=0.83), though in fact 
is better fitted by a non-linear relationship (logarithmic in 
this case). 


Difference in cardiac (L min~) (AB) 
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FIGURE B.6 


PREDICTIVE TESTING AND SCORING SYSTEMS 985 


5 6 7 8 


Bland-Altman plot. Hypothetical data of cardiac output measured by two devices (A, B). The dashed line repre- 


sents the bias (mean difference), the dotted lines represent the upper and lower 95% limits of agreement between the two devices. 
Note that, in this example, both devices were given a 20% error. The combined limits of agreement are approximately 30%. 


output is around 20%. If a new technique has similar ac- 
curacy, then the limits of agreement for the two devices 
compared would be expected to be around 30%. 

The Bland—Altman approach was originally designed 
for single pairs of measurements from multiple subjects. 
Corrections are required if the approach is used with 
multiple measurements from the same subject. 


PREDICTIVE TESTING AND 
SCORING SYSTEMS 


In clinical practice, anaesthetists often use some form 
of test to predict the presence or absence of a certain 
condition, e.g. difficult intubation, malignant hyper- 
thermia or postoperative mortality. In an ideal world, 
we would have tests available which were completely 
accurate, cheap, quick and easy to apply in normal 
practice. Unfortunately, none of the tests we use meets 
these criteria. The degree to which the available tests 
match these criteria dictate how we should use them. 


Test Accuracy 
There are several inter-related characteristics of a diag- 


nostic test. Sensitivity is calculated as the proportion of 
those with a condition (true positives) that are correctly 


identified by the test. Therefore a sensitive test identifies 
all individuals with the condition and if a highly sensitive 
test is negative it is unlikely that an individual will have 
the condition. This is usually at the expense of incor- 
rectly identifying individuals who do not actually have 
the condition (false positives). Conversely, specificity is 
calculated as the proportion of those without a condi- 
tion (true negatives) that are correctly identified by the 
test. Hence a highly specific test identifies only those indi- 
viduals who definitely have the condition of interest — the 
false positive rate is low; the pay-off is that individuals 
with the condition may be missed (false negatives). 

A well-used memory rule for these is ‘Spin and 
Snout’ — a positive SPecific test rules an individual IN 
(they have the condition); a negative SeNsitive test rules 
them OUT (they don't have the condition). 

The positive predictive value (PPV) of a test is the 
probability that an individual with a positive test result 
actually has the condition of interest. The negative pre- 
dictive value is the probability that an individual with a 
negative test is truly free of the condition. 

It is extremely important to realize that the positive 
and negative predictive values of tests are dependent 
upon the prevalence of the condition in the population 
as well as the accuracy of the test technique itself. To take 
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an extreme example, over-the-counter pregnancy tests 
have very high positive and negative predictive values 
for detecting pregnancy in women of child-bearing age. 
The negative predictive value is actually higher in men 
(there are no false negatives), but the positive predictive 
value is zero (positive tests will occur, but there are no 
pregnant men). The sensitivity and specificity of the test 
itself are unchanged. Examples are given in Boxes B.4—6. 

Often, diagnostic tests are not truly dichotomous 
(yes vs. no). Rather, some threshold value is used. As 
this threshold varies, so the sensitivity and specificity 
of the test varies. To take the pregnancy test example 
again, the higher the concentration of B-HCG required 
for a positive test, the greater the specificity, but at the 
loss of sensitivity. 

This trade-off was investigated systematically in the 
development of radar systems which were monitored 
by receiver-operators. At one end of the scale, all ob- 
jects will be identified — aeroplanes and birds — a highly 
sensitive threshold, but at the cost of a lack of specific- 
ity, resulting in a lot of false positives. At the other end 
of the scale, a positive signal will almost certainly be 
an aeroplane — very specific, but at the cost of miss- 
ing quite a few planes. This can be assessed statistically 
using the so-called ‘Receiver-operating characteristic 
curves’ — usually shortened to ROC curves (Fig. B.7). 

These plot the false positive rate (1 — specificity) 
against the true positive rate (sensitivity). A near 
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ideal test would form a right-angle. A test which was 
no better than tossing a coin would lie on the line 
of identity. Most tests, of course, lie somewhere in 
between. Various summary statistics can be derived 
from ROC curves. The most common is the area un- 
der the curve (AUC). A perfect discriminant curve 
has an AUC of 1; a non-discriminatory test AUC is 
0.5. There is no consensus for acceptable AUC, but 
0.9-1.0 is considered excellent, 0.8-0.9 good and 
<0.6 poor. 

The point on the curve which is closest to the top 
left corner (false positive rate 0, true positive rate 1) is 
sometimes viewed as the best trade-off between sen- 
sitivity and specificity, but in practice the thresholds 
used for diagnostic tests are influenced by wider costs 
(of the test, of subsequent intervention or further test- 
ing and of false negatives). 


Risk Scoring 


In perioperative medicine, we are often interested 
in estimating the risk of an event occurring. This is 
slightly different to diagnostic testing. The question is 
not whether a person has a certain condition, but what 
is the risk (probability) of an event (such as death, 
PONV, morbidity) occurring. Such systems are useful 
for discussions with patients and relatives, in helping 
to plan treatments (e.g. critical care, anti-emetics), 


BOX B.4 
SENSITIVITY, SPECIFICITY, POSITIVE (PPV) AND NEGATIVE (NPV) PREDICTIVE VALUES 


DISEASE POSITIVE 


Yes No Totals 
Test Yes A B A+B Sensitivity A/(A+C) PPV A/(A+B) 
positive 
No € D C+D Specificity B/(B+D) NPV D/(C+D) 
Totals ATG B+D A+B+C+D Prevalence (A+C)/ 
(A+B+C+D) 
Test Yes True False Sensitivity True positives/ PPV True 
positive positive positive All disease positive/ 
(Type | positive all test 
error) positives 
No False True Specificity True negatives/ NPV True 
negative Negative All disease negative/ 
(Type Il negative all test 
error) negatives 
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BOX B.5 
EFFECT OF CHANGING PREVALENCE ON RESULTS. IN THE TWO GROUPS (A - A GENERAL 
POPULATION; B - A GROUP WITH A KNOWN FAMILY HISTORY OF CHOLINESTERASE 
DEFICIENCY), THE PREVALENCES OF CHOLINESTERASE DEFICIENCY ARE 1.3% AND 12%. 
THE TESTS SENSITIVITY AND SPECIFICITY ARE UNCHANGED, BUT THE POSITIVE AND 
NEGATIVE PREDICTIVE VALUES ARE DIFFERENT 


TRUE CHOLINESTERASE 


DEFICIENCY 
A: General Population Yes No Total 
Cholinesterase Yes 9 50 59 Sensitivity 0.33 PPV 0.15 
activity test 
No 18 2000 2018 Specificity 0.98 NPV 0.99 
Totals 27 2050 2077 Prevalence 1.3% 
B: Family History 
of Cholinesterase 
Deficiency 
Yes No 
Cholinesterase Yes 9 5 14 Sensitivity 0.33 PPV 0.64 
activity test 
No 18 200 218 Specificity 0.98 NPV 0.92 
Totals 27 205 232 Prevalence 12% 


BOX B.6 
EFFECT OF CHANGING TESTS ON SENSITIVITY AND SPECIFICITY. THESE DATA 
(FROM ARNE ET AL BR J ANAESTH 1998; 80:140-146) SHOW THAT, WITHIN THE SAME 
POPULATION, SOME TESTS ARE MORE SPECIFIC AND LESS SENSITIVE (PREVIOUS HISTORY 
OF DIFFICULT INTUBATION) WHEREAS OTHERS MAY BE MORE SENSITIVE (HIGHER 
MALLAMPATI SCORE) 


DIFFICULT INTUBATION 
Yes No Totals 
Previous difficult Yes 7 2 8) Sensitivity 0.14 PPV 0.78 
intubation (7/ 50) (7/9) 
No 43 1148 1191 Specificity 0.998 NPV 0.96 
(1148/1150) (1148/1191) 
Totals 50 1150 1200 
Mallampati 3-4 Yes 39 168 207 Sensitivity 78 PPV 0.19 
No 11 982 993 Specificity 85 NPV 0.99 


Totals 50 1150 1200 
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FIGURE B.7 
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Receiver-operating characteristic (ROC) curves. The line of identity (i.e. a useless test) is shown as a dashed 


line. The dotted line shows a moderately discriminatory test (AUC=0.73), whereas the solid line is rather better (AUC=0.88). 


benchmarking outcomes against self or others, and in 
designing research studies. 

There are various approaches to creation of such 
scoring systems. First, predictor variables are chosen, 
based on some combination of investigator opinion, 
clinical experience, and previous or ongoing research. 
The strength of association between the variables 
and the outcome of interest is assessed, often using 
logistic regression, in a development cohort. This 
may then allow creation of a score, whereby relative 
values (points) are ascribed to each of the variables 
and summed to create an overall score. The ability 
of the score to identify risk correctly should then be 
tested against a separate validation cohort, and ideally 
against a cohort from outside the original research 
population. 

The commonest method of assessing the calibration 
of scoring systems is to use the Hosmer—Lemeshow test. 
This is an application of the x? test using the observed 
and predicted outcomes in the population. 


Survival Analysis. Rather than looking at events at 
a specific time interval, we sometimes wish to inves- 
tigate the effects over time, e.g. disease-free survival 
following different types of cancer surgery or death 
following different modes of anaesthesia. These are 
usually analysed using Kaplan—Meier plots (Fig. B.8) 


and differences between groups assessed using log rank 
or Cox proportional hazards tests. 

The number of ‘survivors’ (as a proportion of the 
at-risk population) is plotted against time. Note that 
the ‘at-risk’ population becomes smaller as the time 
horizon becomes longer because there are less indi- 
viduals available for follow-up. 

Log rank tests assess the overall difference between 
survival curves when there are discrete groups (e.g. 
regional anaesthesia vs. general anaesthesia). Cox 
proportional hazards are used for estimating the ef- 
fect of continuous variables (such as gene expres- 
sion) on risk. 


TYPES OF ERROR 


Most statistical questions can be framed with a so- 
called null hypothesis. This is a statement of the form: 
there is no difference between A and B. Experiments 
are designed to test this hypothesis. If a set of obser- 
vations is obtained which is sufficiently unlikely to 
have occurred if the null hypothesis were true, then 
the null hypothesis is rejected. Conversely, if there is 
insufficient evidence to reject the null hypothesis, 
then the experiment has failed to reject it. The null 
hypothesis is never proved. The whole of this chap- 
ter has been predicated on the idea that statistics give 
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FIGURE B.8 
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Kaplan-Meier plots. The survival of two groups over time is shown. Each vertical step represents an event. Early 


on, random variation means that it is not possible to discern the difference in survival between the two groups. 


some idea of the probability of an event occurring 
by chance. This has led statisticians to describe two 
classical types of statistical error, although more have 
been proposed. 

Type I or « error is the probability of a false posi- 
tive result, falsely rejecting the null hypothesis. It is the 
‘P value used to describe the results and is the type of 
error most familiar to anaesthetists. For mainly prag- 
matic reasons within medicine, an accepted type I er- 
ror rate is 0.05, i.e. 1 in 20. 

Type II error or P error occurs when the null 
hypothesis is false, but fails to be rejected. It is di- 
rectly related to the power of a study (Power =1 — p). 
Conventionally, studies have been designed with 80% 
power, i.e. an 80% chance of rejecting the null hypoth- 
esis if it truly should be rejected. More recently, there 
has been a move to increasing the power of studies. 
The power of a study is related to the number of par- 
ticipants, the variability in the measurement, the size 
of difference being sought and the acceptable a error. 
There is a variety of formulae for estimating the num- 
ber of participants required for a given power; a simple 
one is shown below: 


20°(Z,+Z 


n= 


x) 
A 


n: sample size for each group 

o: standard deviation of outcome variable 

Z,: standardized value based on the desired power 
(0.84 for 0.8 power) 

Z; standardized value based on the desired signifi- 
cance (1.96 for two-sided, «œ 0.05) 

A: the clinically significant difference between means 

From this, it is straightforward to see that the 
number of participants needed for a study in- 
creases with: 


increasing variability (standard deviation) 
increasing power (Z, increases as P decreases) 
decreasing type I error (Z, increases as « decreases) 
smaller clinically significant differences. 


Other Categories of Error 


Although not part of the traditional Type I and II er- 
rors, there are other types of conceptual error — all of 
which occur within medical research. 


= Type III: Correctly rejecting the null hypothesis 
but for the wrong reason 

= Type IV: Giving the correct answer to the wrong 
question 

m Type V: Solving the right problem in the right 
way, but too late. 
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CLINICAL TRIALS 


‘A clinical trial is a carefully and ethically designed 
experiment with the aim of answering some pre- 
cisely framed question, This definition by Sir Austin 
Bradford Hill, a pioneer of clinical trials, is worth re- 
membering because it encapsulates the fundamentals 
of good clinical trials. They must be careful, ethical, 
and with a clear question. 

In broad terms, clinical studies can be divided into 
purely observational studies and interventional studies. 
Both of these must fulfil the requirements listed above. 


Observational Studies 


These generally answer questions such as: 


m Is there an association between factor x and out- 
come y? 

m What is the natural history of a particular 
condition? 


There are three main types of observational study: 
cohort, case-control and cross-sectional studies. 

Cohort studies may be prospective or retrospective. 
A cohort is a group of people who share a common 
experience (e.g. all having cancer surgery, first-time 
labouring women, children under the age of 3 years). 
Exposures of interest are recorded by the investiga- 
tors. This cohort is then followed up for sufficient 
time for the outcome of interest to occur: cancer re- 
currence; long-term backache; psychological testing 
at school entry. The relative risk of developing the 
outcome of interest with and without exposure is then 
calculated. As with all observational studies, associa- 
tion can be shown but not causality. Confounding fac- 
tors are a particular issue. To take the three examples: 
regional anaesthesia may be associated with a lower 
cancer recurrence rate than general anaesthesia, but 
this may be due to patient selection or surgical tech- 
nique; backache may be associated with epidural an- 
algesia, but women requesting epidural analgesia may 
be those with other reasons to develop post-partum 
back pain; intellectual ability may be associated with 
general anaesthetic exposure in childhood, but anaes- 
thesia is always administered in conjunction with sur- 
gery or investigations. 

Prospective studies take a long time to complete 
and suffer from loss to follow-up. They have the ad- 
vantage that the investigators have control over the 
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nature and timing of data collection. They can give 
information about the incidence and prevalence of a 
disease or condition. 

Incidence is the rate of occurrence of a condition. It 
is usually expressed relative to the population at risk. 
For example, the UK incidence of stroke in 2008 was 
1.04/1000 person years: in other words, just over one 
stroke for every 1000 people in one year. 

Prevalence is the proportion of people with the 
condition. For example, for the same period, the preva- 
lence of stroke was 7.2/1000 people. 

Retrospective studies are sometimes easier to per- 
form, but can suffer from poor quality data collection, 
bias in data recording and incomplete cohorts. 


Case Control Studies 


For rare diseases, it may be impractical to identify and 
follow up a sufficiently large cohort. Instead, ‘cases’ are 
identified and matched with ‘controls’ — individuals 
without the condition. The odds ratio of exposure for 
case and controls is then used to estimate risk. The 
classic example of a case control study is the work 
of Sir Richard Doll demonstrating the link between 
tobacco smoking and lung cancer. Within anaesthe- 
sia, case control studies have been used to investigate 
relatively unusual events such as postoperative mortal- 
ity and failed tracheal intubation. By definition, case 
control studies are retrospective, because they rely on 
already identified cases. 


Cross-Sectional Studies 


Cross-sectional studies involve data collected from a 
defined population at a single period of time. This is 
unlike cohort and case-control studies, which involve 
some collection of data over time. Cross-sectional 
studies can therefore be used to determine the preva- 
lence of conditions. One of the best known cross-sec- 
tional studies in perioperative medicine was the EPIC 
study, which recorded the prevalence of intensive care 
unit infections in over 1400 units across Europe on a 
single day. 


Interventional Studies 
These studies intervene in some way such as: 


m using a new/different drug 
m delivering care in a different way 
m using a different technique. 


The ‘gold standard’ for interventional studies is the 
multicentre, randomized, controlled, multiply-blinded 
trial. However, there are many situations in which this 
cannot occur for ethical, practical and financial rea- 
sons, and modifications of the design may be used. 


Framing the Question 


Before starting any study, an investigator needs to 
have a clear concept of why the research is needed 
and how it is to be carried out. There are many struc- 
tures used to assist in this, but a common device is 
the EPICOT framework. This stands for Evidence, 
Population, Intervention, Comparison, Outcome and 
Timeliness. The framework applies to observational 
studies, interventional studies and systematic reviews. 


Evidence. What is the existing research and clinical evi- 
dence within the field? Have distinct gaps in knowledge 
been identified? This requires thorough and systematic 
searching and appraisal of the literature. Systematic re- 
views and meta-analyses may already have been done, 
or if not, may be required. 


Population. Many research studies fail to identify 
clearly the appropriate research population. This 
needs to be relevant, plausible and accessible to the re- 
searcher. For instance, the author’s main research inter- 
est is in fragility hip fracture. However, there are many 
studies purporting to be of hip fracture which include 
sizeable numbers of young patients or patients un- 
dergoing elective hip arthroplasty. In the same group, 
undisplaced intracapsular fractures almost never need 
blood transfusion, so there is little to be gained from 
undertaking transfusion-related studies in this group. 

Inclusion and exclusion criteria need to be clearly 
defined and justified for any study. If these are too re- 
strictive, the generalizability of the study may be ques- 
tioned. Conversely, overly lax criteria reduce the power 
of the study. 


Intervention. Even apparently straightforward drug 
trials need care in defining the intervention. Consider 
the previously mentioned hypothetical anti-emetic 
study of NoVom. What dose should be used? When 
should it be given? By which route? There is not usu- 
ally a single perfect answer to these questions, so it is 
up to the researcher to justify their choices. 
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Comparison. If the intervention can be hard to pin 
down, the comparison can be even trickier. Head- 
to-head drug trials (e.g. cyclizine vs. NoVom) usually 
define two ‘intervention’ groups, but often the com- 
parator is ‘normal or ‘standard’ care. If standard care is 
too loosely defined and practice varies greatly within the 
comparator groups then it becomes difficult to define 
exactly what the intervention is being compared with. 
Conversely, a rigidly defined ‘normal’ care group may 
lack relevance to real life. 


Outcome. Most clinicians want to know whether some- 
thing is ‘better’ than something else. Unfortunately, 
‘better’ is very much in the eye of the beholder. 
Researchers therefore need to be absolutely clear about 
the outcome they wish to assess. There is usually a 
trade-off between practicality of a study and the out- 
comes of real interest to patients and clinicians. There 
are myriad studies of intubating devices such as video 
laryngoscopes. The outcome of interest in these studies 
is often well defined (e.g. time to successful insertion 
of tracheal tube) but may not be particularly relevant 
to patients. Conversely, studies to demonstrate differ- 
ences in airway-associated mortality would require 
vast, probably impractical, numbers of participants. 
As the research develops from an idea into a full pro- 
posal, this section should expand into a fully worked 
through data collection and statistical analysis plan. 


Timeliness. Funders need to know that there is some 
pressing reason for research to be undertaken now. 
This may be because practice has changed, new drugs 
are available or the population has changed. 


Regulatory Approvals 


All research requires some regulatory approval. There 
are various legal and ethical requirements set out in 
guidance and national statutes such as the EU Good 
Clinical Practice Directive, the Medicines for Human 
Use (Clinical Trials) Regulations 2004 (and similar 
legislation internationally) and the Declaration of 
Helsinki. 


Ethical Review. A properly constituted ethical re- 
view committee must consider the proposed study 
and whether the research is ethical and scientifically 
sound. The role of the ethical review committee is to 
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safeguard the rights, safety, dignity and well-being of 
people participating in research. 


Sponsorship. All research requires a sponsor. This is 
an organization (or occasionally an individual) which 
takes responsibility for: 


= implementing and maintaining quality assur- 
ance and quality control systems 
m securing written agreements with all involved 
parties to ensure direct access to: 
= all trial-related sites 
= source data and documents 
= reports for the purpose of monitoring and au- 
diting by the sponsor and inspection by regu- 
latory agencies 
= applying quality control measures to each stage 
of data handling to ensure that all data are reli- 
able and have been processed correctly. 


These responsibilities are usually taken on by phar- 
maceutical companies, universities or hospitals. In 
order to meet these responsibilities, the sponsor will 
have standard operating procedures covering all stages 
of the research process and regular systematic audit of 
the research it sponsors. 


Local Approvals. The site where the research is to oc- 
cur needs to approve the research before it can start. 
This is to ensure that there are adequate facilities and 
resources to undertake the study in a safe and timely 
fashion and that there are no undue conflicts with 
other ongoing studies. 


National Approvals. There may be other regula- 
tory bodies which need to be involved, depending 
on the country and type of research. For instance, in 
the UK, drug-related studies require approval from 
the Medicines and Healthcare products Regulatory 
Agency (MHRA), and gamete and embryo research 
requires approval from The Human Fertilisation and 
Embryology Authority (HFEA). 


Trial Registration. In an attempt to reduce the risks of se- 
lective reporting, most journals now require that clinical 
trials are registered in publicly accessible trials registries 
such as Clinicaltrials.gov or the International Standard 
Randomised Controlled Trial Number (ISRCTN) register. 
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The intended consequence of these approval pro- 
cesses is that investigators need to comply with a strict 
framework which should protect the rights and well- 
being of participants as well as ensuring the quality of 
research. The ethical review should ensure that research 
studies are presented to potential participants in open, 
understandable and unbiased fashion. The research gov- 
ernance frameworks of the sponsor facilitate the design 
of high quality and efficient research. The undoubted 
downside is an increase in bureaucracy and costs. 


Specific Aspects of Trial Conduct 


Informed consent. Involvement in clinical research is 
a voluntary activity, for which individuals are free to 
give or withhold their consent. There are strict rules 
about the amount and type of information which 
individuals should be given as part of the research 
process. Investigators must be extremely careful to 
ensure that potential participants understand the pur- 
pose of the research and what it will involve for them, 
and that they have adequate time to consider the study 
and discuss it with other people if they wish. 

For some areas of research, particularly in periop- 
erative and critical care, it may not be possible to give 
participants a prolonged period of time to consider 
inclusion in a study. Wherever possible, investigators 
should seek to confirm continued consent to study 
participation at a later date. 

There may be occasions on which participants can- 
not consent for themselves, such as patients who have 
temporarily lost capacity (such as those unconscious 
following trauma) or who have longstanding condi- 
tions (such as dementia) meaning they are incapable of 
understanding the information given to them. In these 
situations, the ethical review committee will consider 
carefully the balance of risks and benefits to potential 
participants before granting approval for studies. 


Randomization. As discussed earlier in the chapter, a 
truly random allocation of study participants to treat- 
ment groups is very important. Although, in theory, 
tossing a coin should be adequate, in practice this is 
a fallible approach, and more and more sophisticated 
systems have been introduced. Most studies now use 
some form of computerized system. A good random- 
ization system should ensure several aspects of good 
trial conduct. 


m A truly random allocation. Usually the allocations 
are made with reference to computer-generated 
random number tables. The investigator has no 
influence at all on the allocation. 

m An audit trail of randomizations. It is possible for 
the sponsor to verify who has been randomized 
and when. 

= Entry validation. Screening questions can be 
included in the randomization process, which en- 
sure that only eligible participants are randomized. 

m Blinding of allocation. For placebo-controlled 
studies, the allocation is usually to a pack- 
number, made up elsewhere, to reduce the 
risk of the investigator knowing the treatment 
allocation. 


Blinding. In order to reduce investigator and partici- 
pant bias, ideally all parties would be completely un- 
aware of treatment allocation. The use of the terms 
single-blind or double-blind are probably best avoided 
because they do not clearly define who is blinded to 
what. Such complete blinding is only really possible for 
drug trials with a placebo or active comparator which 
has an identical formulation and no easily discerned 
physiological effects (e.g. bradycardia with B-blockers). 

Even though this ‘gold standard’ is not often achiev- 
able, investigators should design their studies in ways 
to reduce the risk of bias to a minimum. Individuals 
responsible for data collection should be unaware of 
treatment allocation, data should be analysed prior to 
code-breaking as far as possible and clear definitions 
of outcomes of interest should be provided before data 
collection starts. 


Completeness of Follow-Up. It is extremely important 
that, as far as possible, data are recorded for all partici- 
pants in a study. This is to ensure that results are not 
biased by disproportionate loss of follow-up between 
groups. Excessive loss to follow-up may raise questions 
about either the tolerability of the protocol or the ad- 
equacy of the research team. 


Stages of Drug Trials 


Anaesthetists have a professional interest in new drugs. 
In order to be available for general human use, new 
drugs have to go through a rigorous process of test- 
ing. There are various phases of research outlined in 
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Table B.1. Many drugs fail at the phase 2 stage, often 
due to unexpected toxicity. Post-marketing surveillance 
(phases 4 and 5) is an important part of drug develop- 
ment because this is where the real-world effectiveness 
of the drug is evaluated. 


Publication 


All research should be disseminated to a wider audi- 
ence in some way. Traditionally, this has been through 
the media of scientific conferences and printed pub- 
lication in peer-reviewed journals. Increasingly, the 
internet is changing the way in which research re- 
sults are disseminated. In addition, funders are keen 
to see their research reaching relevant parties such as 
patients, non-research clinicians, industry and policy 
making groups such as charities, medical colleges and 
associations, and government bodies. The presenta- 
tion of material for each of these audiences is differ- 
ent — one style does not suit all. Researchers often find 
it difficult to explain their findings in ways that are 
meaningful to non-experts and even the most expe- 
rienced researcher is likely to benefit from lay advice. 
Peer-reviewed journals all have their own style, 
which should be adhered to. However, they all have 
common core standards. These include the following: 


m Transparency and probity. Sufficient detail should 
be given of the research so that others can under- 
stand what has been done. There should be no 
suspicion of hidden data. 

= Intelligible writing. Published research is wasted if 
no-one can understand what is being presented. 

m Relevance. Most journals have a target audience 
and will not publish material which is unlikely to 
be of interest to their subscribers. 

m Single publication. With some exceptions, jour- 
nals will not tolerate duplicate publication (i.e. 
publication of a paper that has been previously 
published elsewhere in whole or in part.) This is 
partly an issue of honesty, but duplicate publica- 
tion also distorts the scientific record by exagger- 
ating the results of research. 


Publication Checklists. In the same way that the re- 
search governance framework should ensure that 
research is performed well, there are international con- 
sensus statements/checklists which journals encourage 
or require authors to use when submitting. 
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TABLE B.1 


Phases of Drug Development 


Participants 
Phase Outcomes Doses Used (Typical Numbers) Comments 
Preclinical Mode of Wide range In vitro How does the drug work? 
action, toxicity, In vivo animals Is it likely to be safe to use in 
pharmacokinetics, Different species and humans? 
interactions ages 
Phase 0 Human Very low - Healthy volunteers Often combined with Phase 1 
pharmacodynamics sub-therapeutic (10) No information about efficacy 
and pharmacokinetics or safety. Used to rank candidate 
drugs to take forward to Phase 1 
Phase 1 Dose ranging, safety Very low and Healthy volunteers Is the drug safe to use in phase 2 
increasing doses. (20-80) studies? 
Maximum doses are Single and multiple dosing studies. 
below toxic doses in 
animals 
Phase 2 Efficacy and more Range of therapeutic Patients with relevant Does the drug actually work? (2a) 
safety data doses conditions What dose should be used? (2b) 
(100-300) 
Phase 3 Efficacy in trials Range of therapeutic Patients in clinical Does the drug work in patients? 
doses trials with relevant Randomized clinical trials and 
conditions open-label studies. 
(1000-3000) 
Phase 4 Post-marketing Therapeutic doses Clinical use Rare side-effects 
surveillance (thousands) Use in wider populations 
Phase 5 Effectiveness research Therapeutic dose Clinical use Clinical effectiveness 


CONSORT (Consolidated Standards of Reporting 
Trials) is a 25-item checklist and flow diagram. It aims 
to guide authors in reporting all stages of trial design, 
participant flow, analysis and interpretation (http:// 
www.consort-statement.org/consort-statement/). 

STROBE (StTrengthening the Reporting of 
OBservational studies in Epidemiology) is a simi- 
lar approach for observational studies (http://www. 
strobe-statement.org/). 


Presentation of Results. Journals have their own styles 
for presentation of summary data and probability val- 
ues, and these should be followed. 

One area of considerable confusion is presentation 
of the magnitude of effect of a treatment or exposure. 
Although most of the terms are mathematically inter- 
changeable, the interpretation of each by clinicians, 
patients and managers may be very different. 


(thousands) Cost-benefit 


Absolute Risk (AR). This is simply the probability of 
an event occurring without reference to anything else. 
For instance, the absolute risk of PONV is usually 
quoted as around 30%. It gives no information about 
factors which might influence the risk. 


Relative Risk (RR). This is the ratio of risk between 
those with and without exposure. For instance, smokers 
are about 10 times more likely to get lung cancer than 
non-smokers so their relative risk is 10. Importantly, 
the relative risk gives no information about the abso- 
lute risk. A doubling of risk for a very rare event still 
makes the event very rare. 


Absolute Risk Reduction (ARR). Absolute risk reduction 
is the difference in absolute risk between two groups. For 
instance, in designing the BAG-RECALL study (to com- 
pare the incidence of accidental anaesthetic awareness 


when bispectral index (BIS) or end-tidal gas monitoring 
was used to regulate depth of anaesthesia), the investi- 
gators estimated that the absolute risk of awareness in 
their two groups would be 0.5% (5 in 1000) in the end- 
tidal agent monitoring group and 0.1% (1 in 1000) in 
the (BIS) group. The estimated absolute risk reduction 
was therefore 0.4% (4 in 1000). 


Relative Risk Reduction (RRR). Relative risk reduc- 
tion is the proportional difference in risk. To take the 
BAG-RECALL example above, the estimated RRR was 
0.4%/0.5% = 80%. 


Number Needed to Treat (NNT). The number needed 
to treat is the number of individuals who would be 
needed to be treated with the ‘new’ treatment rather 
than the old one, for one to benefit. It is the recipro- 
cal of the absolute risk reduction. Again, using the 
BAG-RECALL example, the estimated NNT was 250 
(1/0.04). 


Number Needed to Harm (NNH). Given that all drugs 
have side-effects, the equivalent to the NNT can also 
be calculated. For instance, a meta-analysis of opioids 
added to single-shot intrathecal anaesthesia found a 
NNH for fentanyl-induced pruritus of 3.3. In other 
words, the absolute risk increase was 30% (1/3.3). 


Odds Ratio. In some situations, odds ratios are the ap- 
propriate statistical measure, particularly for logistic 
regression-based techniques. Unfortunately, they are 
slightly counterintuitive. The odds of an event occur- 
ring are the number of events divided by the number 
of non-events. The odds ratio is simply the ratio of two 
groups. 

The odds ratio overestimates relative risk. This ef- 
fect becomes smaller as the absolute risk decreases, so 
for uncommon events the odds ratio approximates 
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BOX B.7 
CALCULATION OF ODDS RATIO, 
ABSOLUTE RISK AND RELATIVE RISK FOR 
COMPLICATIONS CAUSED BY VENOUS 
THROMBOEMBOLISM (VTE) 


GA Neuraxial 
Major VTE and 73 101 
VTE-related 
mortality 
No major VTE 1658 3204 
and VTE-related 
mortality 
Total 1734 3305 
Odds 0.044 0.032 
73/1658) (101/3204) 
Odds ratio 1.4 
0.044/0.032) 
Absolute risk 0.042 0.031 
OVI) (101/3305) 
Relative risk 11.35 


0.042/0.031) 


relative risk. For example, data from a meta-analysis of 
type of anaesthesia and thrombotic events after major 
orthopaedic surgery is shown in Box B.7. 
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ANS 
APACHE 


APTT 
ARDS 
ASA 
Asp 
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adrenoceptor type (after Ahlquist) 


nomenclature for blood groups (after 
Landsteiner) 


acid citrate dextrose 
angiotensin-converting enzyme 
acetylcholine (receptor) 

Acute coronary syndrome 
activated clotting time 
adrenocorticotrophic hormone 
antidiuretic hormone 
adenosine diphosphate 
auditory evoked response 
acquired immunodeficiency syndrome 
acute intermittent porphyria 
advanced life support 

alanine aminotransferase 
adenosine monophosphate 


y-amino-3-hydroxy-5-methyl-4-isoxazole 
propionate 


atrial natriuretic peptide 
autonomic nervous system 


acute physiological and chronic health 
evaluation 


activated partial thromboplastin time 
acute respiratory distress syndrome 
American Society of Anesthesiologists 


Laspartate 


AST 


BSA 


CCU 


aspartate aminotransferase 
antithrombin 

adenosine triphosphate 

area under curve 

atrioventricular 

adrenoceptor type (after Ahlquist) 
bone marrow-dependent (as in B cells) 


Boehringer Mannheim (makers of BM Stix 
blood glucose testing strips) 


British Pharmacopoeia 

body surface area 

body weight 

benzodiazepine 

cervical or coccygeal vertebra 
compliance 

content 

degrees Celsius 
perfluoropropane 

calcium 

calcium carbonate 

cyclic adenosine monophosphate 
calcium oxide 

coronary artery vein graft 
cerebral blood flow 

closing capacity 


coronary care unit 


CDH 
CEA 
CEPOD 


CEMACE 
CEMD 
CFAM 
CFM 
CGRP 
CHO 

CI 


CK 
cl 


cm 


CPD 
CPD-A 
CP(E)X 
CPK 
CPP 


Christiansen Douglas Haldane (effect) 
Carotid endarterectomy 


Confidential Enquiry into Perioperative 
Deaths (UK) 


Centre for Maternal and Child Enquiries 
Confidential Enquiries into Maternal Deaths 
cerebral function analyzing monitor 
cerebral function monitor 

calcitonin gene-related peptide 
carbohydrate 


cardiac index (cardiac output/body surface 
area) 


creatine kinase 
clearance (of drug) 


centimetre (10m; not a unit in the SI 
system) 


centimetres of water 

cerebral metabolic rate for oxygen 
cytomegalovirus 

central nervous system 
concentration at time=0 

cardiac output 

carbon dioxide 

centipoise 

continuous positive airways pressure 
cardiopulmonary bypass 

citrate phosphate dextrose 

citrate phosphate dextrose with adenine 
Cardiopulmonary exercise testing 
creatine phosphokinase 

cerebral perfusion pressure 
cardiopulmonary resuscitation 


chromium atom - isotope weight 51 Da 


(radiolabelled) 

cerebrospinal fluid 
concentration at steady state 
concentration at time t 
computed tomography 


cricothyroid membrane 


EPI 
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closing volume 

central venous pressure 

clearance of x 

delta - minimal increment (of) 

delta opioid receptor 

dose (of drug) 

density 

deci (one-tenth part) 

dalton (measure of atomic weight) 
dilatation and curettage (of uterus) 
diastolic arterial pressure 

double burst stimulation 

direct current 

dacrocystorhinostomy 

desmopressin 

di-isopropyl fluorophosphonate 
disseminated intravascular coagulation 
deoxyribonucleic acid 

Department of Health 
Deoxyphenylalanine 
2,3-diphosphoglycerate 
dextrotubocurarine 

deep vein thrombosis 

extracorporeal circulation (heart bypass) 
extracellular fluid (volume) 
electrocardiogram 

electroconvulsive therapy 
ethylenediaminetetra-acetic acid 
effective dose for x% of population 
electroencephalogram 

ejection fraction 

electromechanical dissociation (PEA) 
electromyogram 

eutectic mixture of local anaesthetic 
early neonatal neurobehavioural score 
ear, nose and throat 

evoked potential 


Eysenck personality inventory 
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end-plate potential 


evacuation of retained products of 
conception 


extracorporeal shock wave lithotripsy 
European Union 

examination under anaesthesia 
Endovascular aneurysm repair 
endocardial viability ratio 
Faraday’s constant 

fibrin degradation products 
iron ionized - ferrous (ferric) ion 
forced expiratory volume (in 1s) 
filtration fraction 

free fatty acid 

fresh frozen plasma 

fresh gas flow 

fractional inspired oxygen concentration 
functional residual capacity 
follicle-stimulating hormone 
forced vital capacity 

gram 

glucose-6-phosphate dehydrogenase 
y-aminobutyric acid 

Glasgow coma score 
glomerular filtration rate 
growth hormone 
gastrointestinal 

L-glutamate 

glycine 

glutamate monophosphate 
Glasgow outcome score 

glyceryl trinitrate 

viscosity 

hour 

hydrogen ion 

histamine - type 1 receptor 
histamine - type 2 receptor 

high air flow oxygen enrichment 


haemoglobin 


TLV 


adult haemoglobin 

fetal haemoglobin 

carbamino haemoglobin 
hepatitis B surface antigen 
human chorionic gonadotrophin 
bicarbonate ion 

carbonic acid 

haematocrit 

high-dependency unit 

helium 


syndrome of haemolysis, elevated liver 
enzymes, low platelets 


high-frequency jet ventilation 
high-frequency oscillatory ventilation 
high-frequency positive-pressure ventilation 
high-frequency ventilation 

mercury 

5-hydroxyindoleacetic acid 

human immunodeficiency virus 
human leucocyte antigen 
hypertrophic obstructive cardiomyopathy 
hypothalamopituitary axis 

human placental lactogen 

hypoxic pulmonary vasoconstriction 
heart rate 

5-hydroxytryptamine (serotonin) 
human T cell leukaemia virus 

hertz (cycles per second) 

infusion rate 

intra-aortic balloon pump 
intracellular fluid (volume) 

isometric contraction period; 
intracranial pressure 

internal diameter 
inspiratory/expiratory 
immunoglobulin type A (y-globulin A) 


immunoglobulin type E (y-globulin E, 
reagin) 


immunoglobulin type G (y-globulin G) 


ILM 


im. 


intubating laryngeal mask (airway) 
intramuscular 

intermittent mandatory ventilation 
international normalized ratio 


intraocular Pressure 


intermittent positive-pressure ventilation 


isometric relaxation period 
intrinsic sympathomimetic activity 
intensive therapy unit 
intravenous 

inferior vena cava 

in vitro fertilization 
intravenous regional anaesthesia 
joule 

kappa - opioid receptor type 
kelvin 

potassium ion 

potassium ion (inside cell) 
potassium ion (outside cell) 
kaolin cephalin clotting time 
kilogram 

kilopascal 

length 

lumbar vertebra (number n) 
left atrial pressure 

long-acting thyroid stimulator 
pounds per square inch 
lactate dehydrogenase 
luteinizing hormone 

low ionic strength saline 
lumen 

laryngeal mask airway 

lower motor neuron 

natural logarithm (to base e) 
logarithm (to base 10) 

lower oesophageal sphincter 


lower-segment caesarean section 


left ventricular end-diastolic pressure 


mol 
mosmol 


MRI 


MVP 
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micro (10); mu opioid receptor type 
microvolts 

metre 

milliampere 


minimum alveolar concentration (for 
anaesthesia) 


Microangiopathic haemolytic anaemia 
monoamine oxidase 

monoamine oxidase inhibitor 

mean arterial pressure 

Mary Caterill (name of proprietary mask) 
Mean corpuscular haemoglobin 

mean corpuscular volume 

minimum effective analgesic concentration 
miniature end-plate potential 

milligram 

magnesium ion 

malignant hyperthermia 


myocardial infarction 


minute 
millilitre 
millimetre 


millimetres of mercury 
Minnesota multiphasic personality inventory 
mandatory minute ventilation 
millinewton 

mole 

milliosmole 

magnetic resonance imaging 
millisecond 
melanocyte-stimulating hormone 
millivolt 

mean venous pressure 

molecular weight 

newton (unit of force) 

not available; not applicable 
sodium 


sodium ion 
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NACS 


Na/K-ATPase 


NH, 
NH: 
NHS 
NMDA 
NO 
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neurological & adaptive capacity score 


sodium- and potassium-dependent 
adenosine triphosphatase 


ammonia 

ammonium ion 

National Health Service (UK) 
N-methyl-D-aspartate 

nitric oxide 

nitrous oxide 

non-steroidal anti-inflammatory drug 
neural tube defect 

oxygen 

Obstetric Anaesthetists' Association 
oxyhaemoglobin dissociation curve 
operating department practitioner 
osmole 

pi (= 3.14159) 

oncotic pressure in Bowman’s capsule 
oncotic pressure in capillary 

wave on ECG (P-wave) 


oxygen tension which results in a 
haemoglobin saturation of 50% 


pascal (unit of pressure) 

alveolar partial pressure (of gas) 
arterial partial pressure (of gas) 
pulmonary artery flotation catheter 
para-aminohippuric acid 

pulmonary artery pressure 
pulmonary artery occlusion pressure 
(= PCWP) 

barometric pressure 

hydrostatic pressure in Bowman’s capsule 
patient-controlled analgesia (system) 
hydrostatic pressure in capillary 
pulmonary capillary wedge pressure 
post-dural puncture headache 
pulmonary embolus 


mean expired partial pressure 


end-expired partial pressure 
pulseless electrical activity (EMD) 
positive end-expiratory pressure 
peak expiratory flow rate 
pathological fibrinolysis 
prostaglandin type (X) 


hydrogen ion activity (negative logarithm 
to base 10 of the measured hydrogen ion 
concentration) 


inspired partial pressure 
peak inspiratory flow rate 


expression of dissociation constant in an 
equilibrium (negative logarithm to base 10 
of the dissociation constant) 


piped medical gases and vacuum systems 
postoperative nausea and vomiting 

parts per million 

pro re nata (as needed) 

platelet-rich plasma 


plasma thromboplastin antecedent (factor 
IX) 


post-tetanic facilitation 

post-tetanic potentiation 
transcutaneous oxygen partial pressure 
partial thromboplastin time (kaolin) 


polyvinyl chloride; premature ventricular 
contraction 


pulmonary vascular resistance 
total liquid flow in unit time 
complex on ECG (QRS complex) 
rho (= density) 

radius (of circle or sphere) 
universal gas constant 

renal artery concentration of x 
right atrial pressure 
radioallergosorbent test 

renal blood flow 

respiratory distress syndrome 
Reynolds number (dimensionless) 


rapid eye movement 


SIADH 


SIFT 


SIMV 


SNP 
SOL 
SR 
SRS-A 
SSRI 
STOP 
STP 
SV 
SVC 
SVP 


relative humidity 

Rhesus blood group (major phenotype x) 
retrolental fibroplasia 
ribonucleic acid 

renal plasma flow 
rate-pressure product 
respiratory quotient 

reflex sympathetic dystrophy 
residual volume 

renal vein concentration of x 
second 

saturation (of haemoglobin) 
sinoatrial 

subarachnoid block 

saline adenine glucose mannitol 
systolic arterial pressure 
subcutaneous 

subdural pressure 

sulphur hexafluoride 
specific gravity 

sulphydryl group 
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syndrome of inappropriate antidiuretic 
hormone secretion 


syndrome of inappropriate intravenous fluid 


therapy 


synchronized intermittent mandatory 
ventilation 


sodium nitroprusside 

space-occupying lesion 

slow release 

slow-reacting substance of anaphylaxis 
selective serotonin reuptake inhibitor 
surgical termination of pregnancy 
standard temperature and pressure 
stroke volume 

superior vena cava 


saturated vapour pressure 


SVT 


TPR 
TSH 
TTP/HUS 


TURP 
TWC 


Vv: 
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supraventricular tachycardia 
thymus-dependent (T cells) 
temperature 

a half-life (distribution half-life) 

p half-life (elimination half-life) 
tri-iodothyronine 

thyroxine 

titratable acid 

thyroxine-binding globulin 

total body water 

temperature controlled (vaporizer) 
transcutaneous electrical nerve stimulation 
tetraethyl pyrophosphate 
trifluoroacetyl 

therapeutic intervention severity score 
total intravenous anaesthesia 
translumbar aortography 

total lung capacity 

tubular maximal reabsorption 
temporomandibular joint 
trimetaphan camsylate 
transcutaneous nerve stimulation 
train of four 

total (systemic) peripheral resistance 
thyroid-stimulating hormone 


Thrombotic thrombocytopaenic purpura/ 
haemolytic uraemic syndrome 


transurethral resection of prostate 
total water content 

thromboxane A, 

urine concentration 

United Kingdom 

upper respiratory tract (infection) 
United States of America 

volt 

volume 


volume per unit time (gas flow) 
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VATS 


Vianan 


Vacoriys) 


VF 


velocity 
Video assisted thoracoscopic surgery 
vital capacity 


dead space (ventilation); volume of 
distribution 


anatomical dead space 
physiological dead space 


ventricular fibrillation 
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The Système International d’Unités (SI system) has been developed to reduce the large number of units in every- 


day physical use to a much smaller number, with standard symbols. 


vacuum insulated evaporator 
vasoactive intestinal peptide 
ventricular tachycardia 

tidal volume 

von Willebrand factor 

watt 


World Health Organization 


The seven base units are derivatives of the MKS system of physical measurement: 


Length m 
Mass kg 
Time s 
Electric current A 
Thermodynamic temperature 

Amount of substance mol 
Luminous intensity cd 


Any other units are derived units and may be expressed by multiplication or division of base units: 


Volume cubic metre 

Force newton kgms? =Jm' (J/m) 
Work joule kgm? s? =Nm 

Power watt kgm?’ s? =Js' (J/s) 
(rate of work) 

Pressure (force/area) pascal kgm” s? = Nm? (N/m?) 


X has been used in preference to the solidus (/), either of which is specified in the standard. 
Non-standard units such as the litre (L), day hour and minute may be used with SI but are not part of the 


standard. 


VOLUME 


The SI unit of volume is the cubic metre, but for medical purposes the litre (L or dm’) is retained. 
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TEMPERATURE 


A temperature difference of 1 kelvin (1 K) is numerically equivalent to 1 degree Celsius (1 °C). In everyday use the 
degree Celsius is retained. The Fahrenheit scale is no longer used medically. It is being phased out of use with the 
general public. 


Fraction SI prefix Symbol Multiple SI prefix Symbol 
oO" deci d 10 deca da 
0? centi c 10° hecto h 
0? milli m 10° kilo k 
0° micro u 10° mega M 
0? nano n 10° giga G 
0° pico p 10” tera T 
Olid femto f 10 peta P 
go atto a 10'8 exa E 


The magnitude of a unit is expressed by the addition of standard prefixes and symbolic prefixes. The magnitude 
of SI units usually changes by 10° per step. It can be seen that the SI handling of ‘kilogram’ is non-standard; the 
name of the base unit already contains a preficacial multiple. Names of decimal multiples and submultiples of the 
unit of mass are formed by attaching prefixes to the word ‘gram. 


PRESSURE MEASUREMENTS - CONVERSION FACTORS 


Old Units SI Units Old to SI (Conversion Factor) SI to Old (Conversion Factor) 
mmHg kPa 0.133 7.5 

bar kPa 101.3 0.01 

cmH,O kPa 0.0981 10 

Ib/sq in kPa 6.894 0.145 

MOLES 


Moles = weight in g/molecular weight 
Thus 1 mol H,O = 18 g/18 
18g H,O=1 mol 


For univalent ions, moles and equivalents are numerically equal, but for multivalent ions the number of equiva- 
lents must be divided by the valency to obtain the molar value. Thus 10 mEq Ca** = 5 mmol Ca”. 


MOLES/OSMOLES 


Strictly the SI unit of osmolality should be the mole, this representing the calculated number of particles/molecules 
in solution. However, the osmole is also used; this is the measured osmolality (the number of osmotically active 
particles per kilogram of solution). Thus, the molar value for osmolality is theoretical, while the osmolar value is 
empirical. 


APPENDIX C (II): INHALATIONAL ANAESTHETIC AGENTS - PHYSICAL PROPERTIES 


OSTWALD SOLUBILITY 


COEFFICIENTS AT 37 °C 

SVP (kPa, 
Name Formula MW (Da) BP (°C) 20°C) MAC (%) Flammable in O, Blood/Gas Fat/Blood Oil/Gas Oil/H,O 
Nitrous oxide N,O 44 -88 (5300) 105 0 0.47 23 1.4 3.2 
Halothane CF,CHCIBr 197 50 32 0.75 2.3 51 224 220 
Enflurane CHFCI CF,O CF,H 184.5 56 23 1:7 6 1:9 36 98 120 
Isoflurane CF CHCI O CF,H 184.5 49 32 TiS 6 1.4 45 98 174 
Desflurane CF,H O CFHCF, 168 23.5 89 6.0 18-21 0.42 27 18.7 
Sevoflurane CH(CF,),O CH,F 200 58.5 21 2.0 0.68 48 47 
Chloroform CHCl, 119 61 21.3 0.5 10 260 100 
Cyclopropane CH,CH,CH, 42 -33 638 9.2 2-60 0.45 11.5 34.4 
Diethyl ether GH O'CH, 74 35 56.5 1.9 2-82 12 5 62 3.2 
Ethyl chloride C,H.Cl 64.5 13 131 2.0 4-67 3.0 
Fluroxene CF,CH,O CHCH, 126 43 38 3.5 4 1.4 48 90 
Methoxyflurane CHCI,CF,O CH, 165 105 3 0.2 5-28 13 38 950 400 
Trichloroethylene CHCICCI, 131 87 8 0.17 9-65 9 960 400 


MW, molecular weight; BP, boiling point; SVP, saturated vapour pressure; MAC, minimum alveolar concentration. 
Drugs listed below the bold line have no product licence in the UK. They are of historical interest only. MAC values are for young adults; MAC is higher in children, and decreases in 


older adults. 


D XIGNAaddV vOoL 
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APPENDIX C (III): CARDIOVASCULAR PRESSURES (mmHg) 


SYSTEM 
Range Mean 
Appendix III: Cardiovascular System Central venous pressure 0-8 4 
(CVP) 
NORMAL VALUES 
Right atrial (RA) 0-8 4 
Flow (mL min”) - 7 
Blood Flows % of Cardiac Output (70kg Man) Right ventricular (RV) 
Systolic 14-30 25 
Heart 4 200 End-diastolic (RVEDP) 0-8 4 
Brain 14 700 Pulmonary arterial (PA) 
iver 25 1250 Systolic 15-30 23 
: Diastolic _ 5-15 8 
Kidneys 24 1200 Mean (PAP) 10-20 15 
Lung 3 150 Pulmonary artery wedge 
Muscle 19 950 (PAWP) 
Mean 5-15 10 
Skin 5 250 
Left atrial (LA) 4-12 7 
Fat 5 250 
- Left ventricular (LV) 
Remainder 1 50 Systolic 90-140 120 
Total 100 5000 End-diastolic (LVEDP) 4-12 7 
ECG times 
P wave < 0.10s 
PR interval 0.12-0.20s 
QRS time 0.05-0.08 s 
QT time 0.35-0.40 s 
T wave < 0.225 
Derived Haemodynamic Variables 
Variable Typical Value (70 kg) 
Cardiac output (CO) SVX HR 5 Lmin” 
Cardiac index (Cl) CO + BSA 3.2 Lmin m? 
Stroke volume (SV) (CO + HR) x 1000 80 mL 
Stroke index (SI) SV + BSA 50 mLm™? 
Systemic vascular resistance (SVR) ((MAP - CVP) + CO) x 80 1000-1200 dyns cm™ (not SI unit) 
Pulmonary vascular resistance (PVR) (( PAP = LAP) + CO)x 80 60-120 dyns cm™ (not SI unit) 
Left ventricular stroke work index (LVSWI) ((1.36 (MAP - LAP)) + 100) xSI 50-60 gm m? 
Rate-pressure product (RPP) SAPXHR 9600 
Ejection fraction (EF) (ESV - EDV) + EDV > 0.6 


BSA, body surface area; HR, heart rate; MAP, mean arterial pressure, CVP, central venous pressure; PAP, mean pulmonary arterial pressure; 
LAP, left atrial pressure; SAP, systolic arterial pressure; ESV, end-systolic volume; EDV, end-diastolic volume. 
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Vasoactive Infusion Regimens 


Typical Initial 
Drug Diluent Dilution Concentration Infusion Rate Rate(70 kg Adult) 
Amiodarone 5% dextrose 300 mg in SOmL 6mgmL' Loading dose S5mgkg'! 25 mLh" then 
over 1h then 900 mg 6 mLh' 
over 23h 

Digoxin 5% dextrose 250 pg in SOmL SugmL' 250-500 ug over 50 mLh" 

0.9% saline 500 ug in SOmL 10pgmL" 30-60 min 
Dobutamine 5% dextrose 250mg in SOmL SmgmL'! 0-25 pgkg! min" 2 mLh" 

0.9% saline 
Dopamine 5% dextrose 200 mg in SOmL 4mgmL" 2-15 pgkg! min" 2 mLh"' 

0.9% saline 
Dopexamine 5% dextrose 50mg in SOmL TmgmL" 0.25-1.0ppgkg! min“ 2 mLh"' 

0.9% saline 
Adrenaline 5% dextrose Smg in SOmL 100 ugmL” 0.02-0.2 ugkg' min“ 5 mLh"' 

0.9% saline 10mgin SOmL 200 pgmL" 
Esmolol 5% dextrose 2.5gin SOmL SOmgmL" 50-200 ug kg” min" 3 mLh"' 

0.9% saline 
Glyceryl trinitrate 5% dextrose 50mg in SOmL TmgmL" 0.5-12 mgh” 5 mLh” 

0.9% saline 
Noradrenaline 5% dextrose 4mg in 40mL 100pg mL" 0-1.0 ugkg' min“ 5 mLh'! 

0.9% saline 8mg in 40mL 200 pgmL" QMC ITU 

0-1 pgkg! min” 

Sodium 5% dextrose 25mg in SOmL 500 pg mL" 0.3-1.5 pg kg! min" 7 mLh"! 


nitroprusside 
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APPENDIX C (IVA): CHEMICAL PATHOLOGY - BIOCHEMICAL VALUES 


These values are given for example only — each reporting laboratory provides reference values for its own popu- 
lation and method. This is especially true of enzyme assays. No inference should be made about the molecular 
weight of a substance by reference to US and SI values. 


Name US Units SI Units 
Ammonia 80-110 ug% <50pmolL" 
Amylase 80-180 Somogyi units% 70-300 IUL" 
Base excess +2mEqL" + 2mmolL 
Bicarbonate 

Actual 22-30 mEq L“ 22-30 mmol L” 

Standard 21-25 mEq L” 21-25 mmol L” 
Bilirubin - total 0.3-1.1 mg% 3-18 umol L 
Buffer base (pH 7.4, PaCO, 5.3, Hb 15g dL) 48 mEq L“ 48 mmol L” 


Calcium 8.5-10.5 mg% (4.5-5.7 mEq L') 2.25-2.6 mmol L 
Total 
lonized 4-5 mg% 1.0-1.25 mmol L” 
Chloride 95-105 mEq L” 95-105 mmol L” 
Cholesterol 140-300 mg% 3.6-7.8 mmol L" 
Cholinesterase, plasma (pseudocholinesterase) Dibucaine number >80% usually normal 
Dibucaine number <20% usually 
homozygote for atypical 
cholinesterase 
Copper 80-150 ug% 13-24nmol L” 


Urinary copper 


15-50 ug per 24h 


0.2-0.8 umol per 24h 


Cortisol 0900h radioimmunoassay 
2400h technique 


Neonatal (competitive protein-binding 
technique) 


9-23 gL" 
<7.2 ug% 


30pgL" 


250-635 nmol L! 
< 200nmol L” 


200-650 nmol L! 
< 200nmolL' 
330-1700 nmol L! 


Creatine (phospho)kinase (CK) 100 1U L- male 25-200 IU L7 
60 IU L” - female 25-150 1U L” 
Creatinine 0.5-1.4 mg% 45-120 umol L” 
Adrenaline 100 pgmL" 0.55nmolL"' 
Fibrinogen 150-400 mg% 1.5-4.0 gL" 
Folate 3-20ngmL" 3-20pgL" 
2.1-27 nmol L” 


Continued 
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Name US Units SI Units 
Glucose 
Fasting 55-85 mg% 4-6 mmol L” 
Postprandial <180 mg% <10mmolL" 
y-Glutamyl transpeptidase 7-251UL" male: <SOIUL" 
female: <30IUL" 
Hydroxybutyrate dehydrogenase (HBD) 100-2401UL" 
lodine - total 3.5-8.0p1gL"' 273-624 nmolL"' 


1311 uptake 20-50% of administered 
dose in 24h 
Iron 80-160 ug% 14-30 pmol L“ 
lron-binding capacity 250-400 ug% 45-69 umol L~“ 
Lactate 0.6-1.8 mEq L” 0.6-1.8 mmol L 
Lactate dehydrogenase 30-90 IUL" 100-300 1U L“ 
Lead <1.8 umol L 
Magnesium 1-2 mg% 0.7-1.0 mmol L 
1.5-2.0 mEq L” 


Methaemoglobin 


<3% of total haemoglobin 


Nitrogen (non-protein) 18-30 mg% 12.8-21.4mmolL" 
(urea+urate+creatinine+creatine) 
Noradrenaline 200 pgmL" 1.25nmolL" 
Osmolality 280-300 mosmol kg" 280-300 mmol kg” 
Phosphate 2.0-4.5 mg% 0.8-1.4mmolL" 
3.0-6.0 mg% (children) 1.0-1.8 mmol L” (children) 
<8.1 mg% (neonatal) <2.6 mmolL" (neonatal) 
Phosphatase 

Acid (total) 1-5 KA units% 1-91UL" 

Acid (prostatic) 0-31UL" 

Alkaline 3-13KA units% 17-1001UL" 
Potassium 3.4-5.3 mEq L 3.4-5.3 mmol L 
Protein 

Total 6.0-8.0 g% 60-80 gL“ 

Albumin 3.5-5.0 g% 35-50 gL“ 

Globulin 1.5-3.0 g% 15-30 gL“ 
Pyruvate 0.4-0.7 mg% 34-80 umol L7 
Sodium 133-148 mEq L! 133-148 mmol L 
Thyroxine (T,) 4.7-11 ug% 52-140 nmol L! 
Transaminase 

aspartate transaminase (AST) 5-40 unit mL" 5-40 IUL" 

alanine transaminase (ALT) 2-53 IUL" 
Transferrin 220-400 mg% 2.2-4.0 gL" 
Triglycerides (fasting) 71-160 mg% 0.8-1.8 mmol L" 
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Name US Units SI Units 
Tri-iodothyronine (T,) 90-170 ng% 0.8-2.5nmolL" 
T, uptake 95-117% 95-117% 
Urea 15-48 mg% 2.5-8.0 mmol L” 
Urea nitrogen (BUN) 10-20 mg% 7.1-14.3 mmol L” 
Urate 
Men 4-9.5 mg% 225-470 umol L 
Women 3-7.5 mg% 180-390 pmol L“ 


APPENDIX C (IVB): CONVERSION CHART - HYDROGEN ION 
CONCENTRATION TO pH 


8:25 


8.00 


7:19 


pH 


7.50 


7.25 


7.00 


6.75 


APPENDIX C (V): HAEMATOLOGY 


Normal Values 


35 45 55 


65 75 


Hydrogen ion concentration (nmol L-1) 


Haemoglobin 
Men 
Women 
10-12 years 
1 year 
3 months 
Full term 


13.5-18.0 gd L” 
11.5-16.5 gd L” 
11.5-14.8 gd L” 
11.0-13.0 gd L” 
9.5-12.5 gd L” 

13.6-19.6 gd L” 


8 95 105 115 125 135 145 155 165 
Red blood cell count (RBC) 
Men 4.5-6.0x10"L" 
Women 3.5-5.0K10"L" 
White blood cell count (WBC) 4.0-11.0x10°L" 
Neutrophils 40-70% 
Lymphocytes 20-45% 
Monocytes 2-10% 
Eosinophils 1-6% 
Basophils 0-1% 
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Normal Values 


Coagulation Screen 


Platelet count 150-400x 10°L" 


Reticulocyte count 0-2% of RBC 


Sedimentation rate 
Men 0-15mm in 1h 
Women 0-20mm in 1h 


Plasma viscosity 1.50-1.72 mPas 


Packed cell volume (PCV) and haematocrit (Hct) 
Men 0.4-0.55 
Women 0.36-0.47 


Mean corpuscular volume (MCV) 76-96 fL 


Mean corpuscular haemoglobin 31-35 g dL" 
concentration (MCHC) 

Mean corpuscular haemoglobin 27-32 pg 
(MCH) 

Coagulation Tests 

Activated clotting time (ACT; 80-1355 


Haemochron type) 


Antithrombin III >80% normal 


Bleeding time (platelet function) 2-9 min 
Clotting time (largely replaced 2-9 min 
by ACT) 
D dimers <0.3mgL" 
Fibrinogen - plasma 1.5-4gL" 
INR (international normalized 
ratio warfarin therapy value) 
Therapeutic range for: 

Atrial fibrillation, deep venous 2-3 

thrombosis, pulmonary 

embolism, tissue heart valves 

Mechanical heart valve 3-4.5 
KCCT (also known as PTTK, 33-41 s 


APTT) 
Heparin therapy value 1.5-2.5 X normal 


If pregnant 1.5-2.0 normal 


Platelet count 150-400x 10°L" 


Prothrombin time 12-14s 


Thrombin time circa 15s 


KCCT, kaolin cephalin clotting time; PTTK, partial thromboplastin 


time, kaolin; APTT, activated partial thromboplastin time. 


What to check? 

Prothrombin time (PT) 

Kaolin cephalin clotting time (KCCT) 
Thrombin time (TT) 

Fibrinogen 

Platelet count 


If all are normal, consider checking bleeding time and, in 
neonates, factor XIII concentration. 
Consider use of thromboelastography or thromboelastometry 


When to check? 


Elective Patient 


m With suspicious history (bleeding after cuts, previous 
surgery or dental extractions, easy bruising) 


m With family history of bleeding problems 


m Receiving anticoagulants - warfarin, heparin or aspirin, for 
example 


m With intercurrent illness such as obstructive jaundice, liver 
disease, uraemia or leukaemia 


Emergency or Intraoperative Patient 


Tranexamic acid is recommended for patients with major 
trauma. 


With excessive bleeding despite apparent vascular integrity. 


What to do? 

Possible Cause Treatment 

PT and KCCT Prolonged 

Drug effect (warfarin/ Vitamin K, FFP, 


coumarin) coagulation concentrates 
Obstructive jaundice Vitamin K, FFP 

Liver disease Vitamin K, FFP 
Haemorrhagic disease of the Vitamin K 


newborn 


Factor Il, V, X deficiency FFP, coagulation 


concentrates 


If TT is also Prolonged 


Fibrinogen deficiency Cryoprecipitate, FFP 


Are D-dimers Increased? 


Disseminated intravascular Treat cause, FFP, platelets, 
? antithrombin III 


concentrate 


coagulation (DIC) 
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What to do? 


Possible Cause 


Treatment 


Is KCCT Prolonged? 


Heparin therapy 


Stop therapy, ? reverse 
effect with protamine 


Factor VIII deficiency - 
haemophilia 


Factor VIII concentrate: 


high purity 


Von Willebrand’s disease 


Vasopressin, factor VIII 
concentrate: intermediate 


purity 


Factor IX deficiency 


Factor IX concentrate 


Factor XI or XII deficiency 


FFP 


Is PT Prolonged 
(with normal KCCT)? 


Factor VII deficiency 


FFP, factor VII concentrate 


Is Platelet Count Decreased 
(< 100 x 10°L-')? 


Peripheral destruction 


? Immune-mediated 


Steroids 


? DIC Treat cause 

? TTP or HUS Platelets, FFP, ? 
antithrombin III 
concentrate, plasma 
exchange 

Inadequate production 

Marrow failure Platelets 


Is bleeding time prolonged? 


Von Willebrand’s disease 


Factor VIII concentrate: 
intermediate purity, 
vasopressin 


Functional platelet disorder 


Inherited Platelets 

Acquired Platelets 

Uraemia Dialysis/haemofiltration, 
cryoprecipitate 

Drugs 


Always consult haematology colleague when uncertain. 
FFP, fresh frozen plasma; TTP, thrombotic thrombocytopenic pur- 
pura; HUS, haemolytic uraemic syndrome. 


APPENDIX C (VI): FLUID BALANCE 


Fluid composition of body Typical Blood Volume 
compartments 

Infant 90 mLkg! 

Child 80mLkg! 

Adult male 70 mLkg" 

Adult female 60 mLkg! 


Total water content (TWC) 


60% male (55% female) of body weight (18-40 years) 


55% male (46% female) of body weight (> 60 years) 


Volume of extracellular fluid 35% TWC 


Volume of intracellular fluid 65% TWC 


Intraoperative Fluid Requirement — Adult 


(1) Initial volume 


1.5mLkg"'h" for duration 
of preoperative starvation 


+ (2) Maintenance 


1.5 mLkg" h“ 


+ (3) Operative insensible loss 


Guided by intra-operative 
monitoring (e.g. cardiac 
output); aim for neutral 
fluid balance 


+ (4) Blood loss 


Consider replacement with 
blood and appropriate 
clotting products when 
blood loss exceeds 20% of 
estimated blood volume 
or Hb<8g dL“ 
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Fluid, Electrolyte and Nutritional Requirements 


MINIMUM DAILY REQUIREMENTS PER KILOGRAM FOR ADULTS, AND 
CHILDREN AND INFANTS. (NEONATES SEE APPENDIX IXB) 


Adults (per kg) Children and infants (per kg) 
Water 30-45 mL 100-150 mL 
Energy 30-50 kcal 90-125 kcal 
(0.15-0.21 MJ) (0.38-0.5 MJ) 

Protein 0.7-1.0g 2.2-2.5g 

Nat 1-1.4mmol 1-2.5 mmol 

K* 0.7-0.9 mmol 2mmol 

Ca” 0.11 mmol 0.5-1 mmol 

Mg” 0.04mmol 0.15mmol 

Fe?* 1 pmol 2 pmol 

Mn” 0.1 pmol 0.3 pmol 

Zn” 0.7 pmol 1.0 pmol 

Cu* 0.07 umol 0.3 pmol 

cr 1.3-1.9 mmol 1.8-4.3 mmol 

Composition of Common Intravenous Fluids 
Calculated’ IONS (mmol L”) CHO Protein 
Name pH osmolality Na* K* Cr HCO;' Misc. (gL) (gL) MJL” 
Crystalloids 
Sodium chloride 0.9% 5.0 308 154 0 154 0 0 0 0 0 
Glucose 5% 4.0 280 0 0 0 0 0 50 0 0.84 
Glucose 4%+ saline 0.18% 4.5 286 31 0 31 0 0 40 0 0.67 
Glucose 5%+ saline 0.45% 4.5 430 77 0 77 0 0 50 0 0.84 
Lactated Ringer’s 6.5 280 131 5 112 29 Mg” 1 0 0 0.038 
(Hartmann’s solution) (as lact.) Ca” 1 
Plasmalyte 148 4.0- 294 140 5 98 0 Acetate 27 mmol L“ 
6.5 Gluconate 23 mmol L 

Sodium bicarbonate 8.4% 8.0 2000 1000 0 0 1000 0 0 0 0 


*Calculated value, assuming total dissociation of ions. 


IONIC CONTENT (mmolL”) 


Oncotic Pressure CHO Typical Half-Life 
Name pH (mmH,O) Na* K* Cr Mise. (gL) Protein(gL"') MJL" in Plasma 
Colloids 
Gelatin (polygeline, Gelofusine) 7.4 465 154 0.4 125 Ca** 0.4 0 40 0 4h 
Mg” 0.4 
Blood products 
Human albumin solution (PPF 4%) 7.4 275 150 2 120 


(20% salt-poor solution also 
available - ionic content varies with 


manufacturer) 

Whole blood > 6.5 Na* depends on donor values. K* increases with storage time 

Plasma-reduced blood > 6.5 Na’ depends on donor value. K* higher than in whole blood, but total quantity per unit is similar 
SAGM blood > 6.5 150 150 Adenine 0.6%, glucose 2.6%, mannitol 1.6% 


Accepted safe storage times at 4 °C 


Heparinized blood 


Only available for special applications 


Acid citrate dextrose 


21 days special applications 


Citrate phosphate dextrose 


28 days 


Citrate phosphate dextrose adenine 


35 days special order e.g. intra-uterine transfusions 


SAGM 


PPF, plasma protein fraction; SAGM, saline adenine glucose mannitol. 


35 days 


VLVd IVDINNTD 
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APPENDIX C (VII): RENAL FUNCTION TESTS 


Renal Function Tests 


Clearance tests 


Inulin clearance = glomerular filtration 100-150 mLmin“ 
Para-aminohippuric acid clearance = renal plasma flow 560-830 mLmin” 
Creatinine clearance = glomerular filtration rate (overestimates 104-125 mLmin” 


low glomerular filtration rate) 


Blood tests 

Serum/plasma 

Osmolality 280-300 mosmol kg" 
Creatinine 45-120 pmolL" 
Urea 2.7-7.0 mmol L” 
Urea nitrogen 1.6-3.3 mmol L“ 


Urine tests 


Osmolality 300-1200 mosmol kg“ 
Creatinine 8.85-17.7 mmol per 24h 
Sodium 50-200 mmol per 24h 


Comparative Urinary Values 


SG Osmolality UJP Urea Ratio U/P Osmolality 
Normal 1000-1040 300-1200 >20:1 >2.0:1 
Prerenal failure >1022 >400 >20:1 >2.0:1 
Renal failure 1010 <350 <14:1 <1:7:1 
Early <5:1 <1.1:1 


Late 


SG, specific gravity; U, urine; P, plasma 


Chronic kidney disease eGFR Description 
(CKD) stages 


1 90+ Normal kidney function but urine findings or structural abnormalities or genetic 
trait point to kidney disease. 
Observation, control of blood pressure 


2 60-89 Mildly reduced kidney function, and other findings (as for stage 1) point to kidney 
disease Observation, control of blood pressure and risk factors. 

3A 45-59 Moderately reduced kidney function. 

3B 30-44 Observation, control of blood pressure and risk factors. 

4 15-29 Severely reduced kidney function. Planning for endstage renal failure. 


5 <15 or on dialysis Very severe, or endstage kidney failure (sometimes called established renal failure). 
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Commonly Used Abbreviations 


Primary Symbols 


Secondary Symbols 
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C=concentration of gas - blood phase 


Usually typed as subscripts, capital letters 


D=diffusing capacity 


indicate gaseous phase; lower-case letters 


F=fractional concentration in the dry gas phase 


indicate liquid phase. 


P=partial pressure - gas 


O=volume of blood 


A=alveolar 


R=respiratory exchange ratio 


B=barometric 


S=saturation of haemoglobin with oxygen or carbon dioxide 


D=dead space 


V=volume of gas E=expired 
X = dot above symbol indicates ‘per unit time’ I=inspired 
X = bar above symbol indicates ‘mean value’ T=tidal 

Example: PaO,=partial pressure of arterial oxygen a=arterial 


c=capillary (pulmonary capillary) 


v=venous 


p=peripleural 


Lung Function: Adult and Neonatal Values 


Examples Adult (65 kg) Neonate (3 kg) 
Vo 2.2mLkg" 2-3 mLkg" 
v. 7-10 mLkg" 5-7 mLkg"' 


Ve 


85-100 mLkg? min" 


100-200 mLkg' min” 


Vital capacity 


50-55 mLkg" 


33 mLkg! 


Respiratory rate 


12-18 breath min" 


25-40 breath min"! 


12.6kPa (95 mmHg) 


9kPa (68 mmHg) 


5.3 kPa (40 mmHg) 


> 4.5 kPa (33 mmHg) 
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Lung spirometry 


Volumes (mL) in 60kg male 


Inspiratory reserve volume vT 200—609 
p IRV) IRV 3300-3750 
oO ERV 950-1200 
© = FRC 2300- 2600 
= y = RV 1200-1700 
p ; A g VC 3800-5000 
> o 
= Tidal volume (V+) ý a TLC 5000-6500 
S À À 2 
Q — 
© s 
= Expiratory 5 
3 reserve 
= Functional volume 
5 residual (ERV) 
capacity y 
(FRC) A 
Residual 
volume 
(RV) 
FIGURE VIII © Lung volumes in an average healthy male adult. 
APPENDIX C (IX): PAEDIATRICS ; = a ae 
Tracheal and Tracheostomy Tube Size 4 5.5 14 17 
TT and Tracheostomy TT LENGTH (cm) 5 5.5 14 17 
Tube Size ID (mm) 
Age (years) (cuffed) Oral Nasal 6 6.0 15 18 
Z 6.0 15 18 
Premature 
(by weight) 8 5:5 16 19 
1kg 25 7 g 5.5 16 19 
2kg 3.0 8 10 6.0 17 20 
3kg 3.0/3.5 9 11 6.0 17 20 
0-3 months 3.0/3.5 10 12 6.5 18 21 
3-6 months 3.0/3.5 12 15 TT, tracheal tube; ID, internal diameter. 
Below 8 years, uncuffed tubes are commonly used. 
6-12 months 3.5/4.5 12 15 For children older than 1 year, formulae for estimating tube sizes are: 
2 50 13 16 (Age/4) + 4.5 (uncuffed) 


(Age/4) + 3.5 (cuffed) 
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Dosage of drugs in common anaesthetic usage 


Cisatracurium 


80-200 ug kg” 


Premedication Mivacurium 250-400 ug kg’ 

Atropine 20ugkg' Rocuronium 500-1200 ug kg” 

Hyoscine 20ugkg' Vecuronium 100ugkg' 

Glycopyrrolate Sugkg' Pancuronium 80-100 ug kg” 

Diazepam 200-400 ug kg’ Reversal of neuromuscular blocking drugs 

Alimemazine (Trimeprazine) 2mgkg"' Neostigmine 

Intravenous induction ue Sougkg' 
Neonatal 80 pg kg" 

Propofol 3mgkg” Atropine 20ugkg' 

thiopental Smgkg' Analgesics — intravenous/intramuscular 

Ketamine 2mgkg" Morphine 200pgkg"' 

Other induction routes Fentanyl 0.5-1.5 ugkg" 

Ketamine intramuscular 10mgkg“ Alfentanil 2.5-Sugke" 

Thiopental rectal 30mgkg" Rectal 

Neuromuscular blocking drugs Diclofenac 2mgkg (for acute 

Succinylcholine 2mgkg"' dosage only) 


Atracurium 


300-500 pugkg"' 


Fluid and Electrolyte Balance 


Fluid Requirements in the First Week of Life 


Postoperative fluid and electrolyte requirements in infancy and Day Rate 
childhood 
1 0 
Weight Rate 2,3 50 mLkg"™ day" 
-1 ji 
Up to 10kg 100 mLkg" day 4,5 75mLkg" day" 
10-20kg 1000 mL+(50x[wt (kg) - 10]) mL kg! day" 6 100mLkg” day” 
20-30 kg 1500 mL+(25x[wt (kg) - 20]) mL kg! day” 7 120mLkg” day” 
Fluid and Electrolyte Requirements in Infancy and Childhood 
AGE (YEARS) 
1 wk 1 2 3 4 5 6 7 8 9 10 
Weight (kg) 3:5) 10 13 15 17 19 21 23 25 28 32 
Insensible water 30 27.5 27 26.5 26 25 24 23 22 21 20 
loss(mLkg" day") 
Water requirement 120 100 100 90 90 90 70 70 70 70 70 
(mLkg™ day") 
Na’ requirement 4 3 2.5 2 2 1,9 1.9 1.9 1.8 1.75 1:7 
(mmolkg" day") 
K* requirement 2:5 2 2 2 2 1,75 1.75 1.5 1.5 1.5 1.5 


(mmolkg" day") 


These are basal requirements. Additional fluid (10-20%) is required during major surgery, in addition to replacement of overt losses. During the 
postoperative period, fluid requirements are increased in the presence of pyrexia. Fluid and electrolyte balance should be adjusted after measure- 


ment of serum electrolyte concentrations and serum osmolality. 
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APPENDIX C (X): GAS FLOWS IN ANAESTHETIC BREATHING SYSTEMS 


System Spontaneous Ventilation Intermittent Positive-Pressure Ventilation 
Mapleson A (Lack or Magill) Minute ventilation (MV; theoretically 2.5xX MV 

V,) 80 mL kg! min” 200 mLkg! min“ 
Mapleson D 2-3X MV 70mLkg" min” for PaCO, of 5.3 kPa 
(Bain or coaxial Mapleson D) 150-250 mLkg? min” 100 mLkg' min"! for PaCO, of 4.3 kPa 
Mapleson E 2xMV As Mapleson D 
(Ayre’s T-piece) Minimum of 3 Lmin” fresh gas flow 
Mapleson F As Mapleson E As Mapleson E 


(Jackson Rees modification of Ayre’s 
T-piece) 


V, alveolar minute volume; PaCO,, arterial carbon dioxide tension. 


Normal Ventilation Values for Resting Awake Subjects 


Weight (kg) Minute Volume (mL) Tidal Volume (mL) Frequency (Breath min“) 
Neonate 2 480 14-16 30-45 

3 600 17-24 25-40 

10 1680 80 21 

20 3040 160 19 

30 4080 240 17 

40 4800 320 15 

50 5200 400 13 

60 5280 480 11 


70 5600 560 10 


INDEX 


NOTES 


Page numbers followed by findicate figures, 
t indicate tables and b indicate boxes. 

As the subject of this book is anaesthesia, 
entries have been kept to a minimum under 
this entry. Readers are advised to look for 
more specific entries. 


Abbreviations 


CPB - cardiopulmonary bypass 

CPR - cardiopulmonary resuscitation 

ECG - electrocardiography 

ECT - electroconvulsive therapy 

EEG - electroencephalography 

ICU - intensive care unit 

MRI - magnetic resonance imaging 

NSAIDs - non-steroidal anti-inflammatory 

drugs 

PONV - postoperative nausea and 

vomiting 


A 

AAA see Abdominal aortic aneurysm 
(AAA) 

AAGBI see Association of Anaesthetists of 
Great Britain and Ireland (AAGBI) 

Abbreviations 996-1002 

ABC (Airway, Breathing, Circulation), 
local anaesthetic toxicity 65 

Abdominal aortic aneurysm (AAA) 
621-624 

elective open repair 622-624, 622t 

aorta cross-clamping 622—623 
aortic declamping 623 
emergency open repair 624 
epidural block 623 
postoperative period 623-624 
tracheal intubation 622 

Abducens nerve (cranial nerve VI) 
608-609, 609f 

ABO grouping, fresh frozen plasma 232 

Abruptio placentae 723 


Abscesses, epidural see Epidural abscess 
Absolute humidity 250 
Absolute risk (AR) 994, 995b 
Absolute risk reduction (ARR) 994-995 
Absorption, local anaesthetic 
pharmacokinetics 62 
Absorption atelectasis, oxygen adverse 
effects 33-34 
AC see Alternating current (AC) 
Acarbose 403 
Accelerated nodal rhythm 872 
Acceleration 236, 237t 
Accelerography 101 
Access to casualty 780 
Accident and emergency (A&E) 
department 778-779 
see also Emergency anaesthesia 
Accuracy, clinical measurement 314 
Acebutolol 132t 
ACE inhibitors 143—145 
adverse effects 144 
anaesthesia interactions 359t 
clinical applications 143-145 
enzyme activity 143 
hyperkalaemia 144 
mechanism of action 143 
pharmacology 144t 
preoperative cardiac surgery 679 
preoperative therapy 383 
pulmonary vasculature 164 
renal effects 171 
Acetaminophen see Paracetamol 
Acetazolamide 173-174 
Acetylcholine 
parasympathetic nervous system 121 
sympathetic nervous system 118 
Acetylcholine receptors 
neuromuscular transmission 89—90, 90f 
structure 90f 
Acetylcholinesterase 
neuromuscular transmission 88 
parasympathetic nervous system 121 
6-O-Acetylmorphine 73f 
Acid(s) 210 


Acidaemia 211 
Acid—base balance 209-215 
CPB 685 
disorders of 211-214 
see also specific diseases/disorders 
liver disease 397 
metabolic disorders 211 
scales used 209-210, 210t 
Stewart's physicochemical theory 215 
Acid citrate dextrose 1005t 
Acidosis 211 
metabolic see Metabolic acidosis 
respiratory 211¢, 214, 214t 
Acid phosphatase 1007t 
Acromegaly 405-406 
ACT (activated clotting time) 1010t 
Activated clotting time (ACT) 1010¢ 
Activated partial thromboplastin time 
(APTT) 219 
coagulopathies 222 
massive transfusions 767-768 
normal values 1010t 
Activated prothrombin time 219 
Active scavenging apparatus 292, 293f, 294f 
Active warming, gynaecological/ 
genitourinary surgery 573 
Acupuncture 
chronic pain management 946 
labour analgesia 708 
PONV treatment 852 
postoperative analgesia 841 
Acute coronary syndrome, postoperative 
care 812-813 
Acute demyelinating polyneuropathy 
(Guillain-Barré syndrome) 412 
Acute intermittent porphyria (AIP) 
882-883 
Acute ischaemic events 228-229 
Acute kidney failure see Acute renal failure 
Acute kidney injury (AKI) 177-178, 920, 920¢t 
differential diagnosis 921t 
outcomes 922 
Acute lung injury (ALI) 166 
Acute oxygen therapy 165 
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Acute pain 932 
Acute pulmonary oedema, furosemide 175 
Acute renal failure 177 
Acute respiratory distress syndrome 
(ARDS) 755 
Acute transfusion reaction 233t 
Acute upper respiratory tract infection 
370-371 
Addiction, opioids 71 
Additional monitoring 353¢, 354 
Adenoidectomy 591 
Adenosine 153 
characteristics 148t 
pharmacology 152t 
renal effects 170-171 
ADH see Antidiuretic hormone (ADH) 
Adjustable pressure-limiting valve 
273-274, 274f 
Administration algorithms, postoperative 
opioids 830-832, 831f 
Admission 
day-case anaesthesia 563 
ICU see Intensive care unit (ICU) 
Admission area, day-case anaesthesia 563 
Adrenal cortex diseases 407—408 
see also specific diseases/disorders 
Adrenalectomy, laparoscopic 633 
Adrenaline (epinephrine) 123-124 
chemical pathology 1007t 
CPR 957 
high-risk patients 512 
infusion regimens 1006t 
metabolism 119f 
ophthalmic regional blocks 613 
orthopaedic surgery postoperative 
analgesia 582t 
postoperative local anaesthesia 835-836 
renal effects 171-172 
sympathetic nervous system 118 
synthesis 118f 
Adrenergic receptors 
dopamine 169 
structure 120 
sympathetic nervous system 119-120 
a-Adrenergic receptors 
antagonists 129, 130 
phaeochromocytoma 632 
neuroleptics 112 
sympathetic nervous system 119 
a -Adrenergic receptor, antagonists 130 
a,-Adrenergic receptors 
agonists 107—108, 113-115 
mechanism of action 56 
preoperative therapy 384 
antagonists 129, 130 
sympathetic nervous system 119-120 


B-Adrenergic receptors 
agonists 
administration route 157 
adverse effects 157 
airway calibre 156-157, 156t 
dose 157 
partial 130-131 
antagonists see B-blockers 
B,-Adrenergic receptors 
antagonists 130 
sympathetic nervous system 119-120 
B,-Adrenergic receptors 
agonists 128 
in pregnancy 702 
antagonists 130 
Adrenergic neurone blocking drugs 129 
Adrenocortical hypofunction (Addison's 
disease) 408 
Adrenogenital syndrome (congenital 
adrenal hyperplasia) 408 
Advance directives, consent 426 
Advanced level ICM training 969 
Advanced life support (ALS) 951-958, 952f 
non-shockable rhythms 954 
see also Asystole; Pulseless electrical 
activity (PEA) 
precordial thump 953 
sequence of actions 953 
shockable rhythms 951-954 
see also Defibrillation 
ultrasound 955 
Advanced trauma life support (ATLS) 763 
Aerobic glycolysis 180-181 
AFE (amniotic fluid embolism) 728 
Afferent neural stimuli, stress response 190 
AFOI see Awake fiberoptic intubation 
(AFOI) 
Afterload 917 
Age 
intravenous anaesthetic agent adverse 
reactions 54 
non-depolarizing neuromuscular 
blocking agents 98 
opioid pharmacokinetics 75 
postoperative analgesia 827 
see also Elderly 
Agitation, postoperative care 798 
Agonists 
definition 1 
dose-response curve 1 
AIC (Aintree Intubating Catheter) 309, 
309f 
Aintree Intubating Catheter (AIC) 309, 309f 
AIP (acute intermittent porphyria) 
882-883 
Air conditioning, scavenging 292 


Air cylinders 265-266 
colour coding 265t 
sizes 265t 
Air embolisms 
detection 652 
treatment 652 
Air warming systems, forced see Forced air 
warming systems 
Airway(s) 
bariatric patients 551-552 
burn anaesthesia 637 
calibre see below 
compliance in neonates 731 
difficult tracheal intubation 454 
emergency anaesthesia evaluation 753 
ICU admission 906 
major trauma anaesthesia 763-767 
management see below 
obstruction see Obstructed airway 
management 
post-resuscitation care 962 
pre-hospital environment 780-781 
pressure measurement 333 
resistance in neonates 731 
rheumatoid arthritis 416 
Airway adjuncts, bariatric patients 552 
Airway alert forms 495f 
Airway, Breathing, Circulation (ABC), 
local anaesthetic toxicity 65 
Airway calibre 156f 
anticholinergic drugs 157-158 
antihistamines 161-162 
anti-inflammatory agents 159-161, 159t 
B-adrenergic agonists 156-157, 156t 
bronchodilators 156-159 
cholinergic parasympathetic system 155 
drugs affecting 155-162 
see also specific drugs 
histamine 155-156 
leukotriene receptor antagonists 161 
methylxanthines 158-159 
neonates 731 
non-cholinergic parasympathetic system 
155 
sodium cromoglycate 161 
steroids 159-161 
Airway equipment, equipment checks 439 
Airway exchange catheters (AEC), 
extubation difficulties 491 
Airway management 
CPR 956-957 
difficult airway see Difficult airway 
management 
emergency see Emergency airway 
techniques 
failure frequency 462 


head trauma management 654 
inhalational anaesthesia 450-451 
injury during 885 
neonates 742-744 
ophthalmic general anaesthesia 
606—607 
spinal surgery 588 
Airway surface liquid (ASL) 166-167 
Ajmalin 149 
AKI see Acute kidney injury (AKI) 
Alanine transaminase (ALT) 1007t 
Alarms 351-353 
breathing systems 352-353 
cardiovascular monitoring 353 
infusion devices 353 
oxygen supplies 352 
vapour analysers 353 
Albumin 
concentration 4 
drug binding 3—4 
opioid binding 73-74 
Alcohol use/abuse 362 
Alcuronium chloride 94-95 
twitch response 95t 
Aldosterone hypersecretion (Conn's 
syndrome) 407—408 
Alfentanil 78 
paediatric values 1017t 
pharmacokinetic and physicochemical 
properties 76t 
structure 74f 
ALI (acute lung injury) 166 
Alimemazine (Trimeprazine) 1017t 
Alkalaemia 211 
Alkaline phosphatase 1007t 
Alkalosis 211 
metabolic 211t 
respiratory 211t, 214, 214t 
Allergic reactions 
history-taking 361 
propofol adverse effects 47 
thiopental sodium adverse effects 43 
see also Hypersensitivity 
Allocation blinding, clinical trials 993 
Allodynia 824 
a,-acid glycoproteins (AAGs) 
concentration 4 
local anaesthetics 61—62 
opioid binding 73-74 
ALS see Advanced life support (ALS) 
ALS (amyotrophic lateral sclerosis) 412 
ALT (alanine transaminase) 1007t 
Alternating current (AC) 253 
biological electrical signals 320 
Alternative breathing systems 438 
Alternative complement pathway 54 


Alveolar equilibration, inhalational 
anaesthetic agents 27t 
Alveolar hypertension, pregnancy 694 
Alveolar partial pressure (P,) 12, 13f 
AM (arithmetrical mean) 975 
American Society of Anesthesiologists 
(ASA) 
day-case anaesthesia selection 560 
difficult airway management 468, 469t 
high-risk scores 498 
perioperative morbidity/mortality 
predictors 368, 369t 
Ametop (tetracaine) cream 548-549 
Amiloride 176 
Amine precursor uptake and 
decarboxylation (APUD) 629 
Amino acids 182 
deamination 184, 185f 
essential 184, 184t 
non-essential 184 
Aminocaproic acid 224t 
Aminoglycosides 
anaesthesia interactions 359t 
furosemide effects 175 
Aminophylline 158 
Aminosteroid compounds 94, 96—98 
see also specific drugs 
Amiodarone 151 
characteristics 148t 
infusion regimens 1006t 
pharmacology 152t 
Amlodipine 141 
characteristics 140t 
pharmacokinetics 140t 
Ammonia 1007t 
Amnesia, benzodiazepines 109 
Amniotic fluid embolism (AFE) 728 
Amounts, SI system 1002t 
Ampere (A) 252-253 
Amphipathic local anaesthetics 57, 61f 
Amplification 
biological electrical signals 318-320 
clinical measurement 314 
Amplitude linearity, continuous clinical 
measurement 315 
Amylase 1007t 
Amyotrophic lateral sclerosis (ALS) 412 
Anabolism 180, 181f 
Anaemia 219 
burns 636 
causes 220t 
macrocytic 219 
microcytic hypochromic 219 
normocytic normochromic 219 
rheumatoid arthritis 416 
treatment 505 
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Anaerobic glycolysis 181-182 
lactic dehydrogenase 181 
Anaerobic threshold (AT) 501, 501f, 505 
Anaesthetic apparatus 262-311, 263t 
breathing circuit protection 304 
decontamination of 310-311 
MRI 773-774 
see also specific apparatus 
Anaesthetic gases 30-36 
bulk supply 262 
measurement 339-341 
gas-liquid chromatography 340-341 
mass spectrometry 340 
radiation absorption 339-340 
Ramen scattering 341 
ventilators 288-289, 289f 
see also Inhalational anaesthesia; Volatile 
anaesthetic agents; specific gases 
Anaesthetic history 358-359 
Anaesthetic machine 266-271 
flowmeters 267-268 
gas supply 266 
post-anaesthetic care unit 440 
pressure gauges 266 
pressure regulators 266-267 
rebreathing systems see Rebreathing systems 
safety features 271-273 
flowmeters 271 
flow restrictors 271 
non-return valves 271-272 
oxygen bypass 272 
oxygen failure warning system 273 
pin index system 271 
pressure gauges 272 
pressure relief valves 271, 273 
probe specificity 271 
reservoir bags 273 
vaporizers 272 
testing of 444, 445 
vaporizers 268-271 
see also Breathing systems 
Anaesthetic rooms 
day-case anaesthesia 563 
operating theatres 429-430 
Anaesthetics, sedatives vs. 105 
Analgesia 69-86 
asthma surgery 395 
cardiac surgery 689 
cyclo-oxygenase-2 inhibitors 85 
day-case anaesthesia premedication 564 
efficacy 834t 
emergency anaesthesia maintenance 761 
head trauma management 654 
ketamine 51 
labour see Labour 
mechanical ventilation 911-912 
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Analgesia (Continued) 
NSAIDs 84 
paediatric values 1017t 
perioperative 385 
postoperative see Postoperative 
analgesia 
premedication 373 
routes 834t 
stress response 191 
see also specific drugs 
Analgesia stage (stage 1), inhalational 
anaesthesia 448 
Analogue computers 316 
Analogue displays 317 
Analogue processing 316-317 
Analogue-to-digital conversion 316-317 
Analysis of variance (ANOVA) 983 
Anaphylactoid reactions 881 
Anaphylaxis 881 
drug reactions 880 
intravenous anaesthetic agents 55t 
local anaesthetics 516 
management 881—882, 882t 
suxamethonium side effects 93 
Ancillary equipment checks 439—440 
Ancillary staff 442 
physicians' assistants 442 
Angiography 775 
cerebral 770-771 
complications 775-776 
coronary 770-771 
hydration 775 
Angiotensin I (AT) receptors 142 
Angiotensin II (AT-II) 141-142, 171 
Angiotensin II receptor blockers (ARBs) 145 
anaesthesia interactions 359t 
pharmacology 145t 
preoperative therapy 383 
Angiotensin converting enzyme (ACE) 
inhibitors see ACE inhibitors 
Angle pieces, tracheal tubes 304, 304f 
Ankle block 547 
Ankylosing spondylitis 417, 579 
Annual review of competence progression 
(ARCP) 970, 970t 
Annulus of Zinn 608, 609f 
ANOVA (analysis of variance) 983 
Antacids 
day-case anaesthesia premedication 564 
emergency anaesthesia 757 
labour 706-707 
Antagonists 3f 
definition 1 
non-competitive 1-2, 3f 
Antepartum haemorrhage 722-723 
Anterior cervical decompression 653 


Anterior chamber, eye 603f 
Anterior mediastinotomy 669 
Anterior superior iliac spine 546f 
Anti-arrhythmic drugs 145-154, 146t 
chronic pain management 941 
class 1 149-151, 150t 
class la 149 
class 1b 149 
class 1c 149-151 
class 2 151 
class 3 151-153 
class 4 153 
CPR 957 
mechanism of action 147—154 
pharmacology 152t 
Vaughn Williams classification 148t 
see also specific drugs 
Antibiotics 
anaesthesia interactions 359t 
hypersensitivity 880 
orthopaedic surgery 583 
see also specific antibiotics 
Antibody—antigen reactions, blood 
transfusions 226f, 232 
Anticholinergic drugs 
airway calibre 157—158 
asthma surgery premedication 393 
PONV treatment 849f, 851 
premedication 374-375 
side effects 375 
see also specific drugs 
Anticholinesterases 137 
anaesthesia interactions 359t 
myasthenia gravis 99 
neonates 739 
neuromuscular blocking reversal agents 
98-100 
see also specific drugs 
Anticipation, quality and safety 892 
Anticoagulants 218, 224t 
anaesthesia interactions 359t 
CPB 676 
preoperative cardiac surgery 679 
preoperative therapy 384 
see also specific drugs 
Anticonvulsants 
anaesthesia interactions 359t 
chronic pain management 940 
see also specific drugs 
Antidiuretic hormone (ADH) 
post-dural puncture headache 718 
renal effects 172 
Anti-D related events, blood transfusions 
233t 
Anti-embolism stockings 814 
Anti-emetics 


characteristics 834t 
day-case anaesthesia premedication 564 
postoperative 373 
see also specific drugs 
Anti-epileptic activity, benzodiazepines 109 
Antihistamines 
airway calibre 161-162 
PONV treatment 849f, 851 
see also specific drugs 
Antihypertensive drugs 
anaesthesia interactions 359t 
preoperative therapy 383 
see also specific drugs 
Anti-inflammatory agents, airway calibre 
159-161, 159t 
Antimalarial drugs 580 
Antimitotic agents 359t 
Antimuscarinic drugs 136 
Antiplatelet agents 224t 
preoperative therapy 383-384 
subarachnoid/epidural block 533 
vascular surgery 621 
see also specific drugs 
Antiproliferative agents, 
immunosuppression in transplanted 
organ patients 786t 
Antipsychotics 107—108 
Antisialagogue drugs 
post-surgery functional residual 
capacity 804 
tracheal intubation 860 
see also specific drugs 
Antispasmodic drugs 834t 
Antithrombin 218 
Antithrombin III 1010t 
Anxiety relief 
B-blockers 134 
premedication 373-374 
Anxiolysis 
benzodiazepines 109 
phaeochromocytoma 632-633 
Anxiolytic drugs 105-115 
Aorta cross-clamping 622-623 
Aortic declamping 623 
Aortic regurgitation 390 
Aortic stenosis 389-390 
Aortocaval compression, pregnancy 692 
Aorto-coronary bypass grafting 674 
Aorto-iliac occlusion bypass 625 
APACHE II 927 
APACHE III 928 
Apnoea 865 
Aprepitant 849t 
Aprotinin 224t 
acute kidney injury 177—178 
renal effects 169 


APTT see Activated partial thromboplastin 


time (APTT) 
APUD (amine precursor uptake and 
decarboxylation) 629 
Aqueous volume, intraocular pressure 604 
AR (absolute risk) 994, 995b 
Arachidonic acid metabolism 83f 
Arachnoiditis 719-720 
Arachnoid mater 641 
ARBs see Angiotensin II receptor blockers 
(ARBs) 
ARCP (annual review of competence 
progression) 970, 970t 
ARDS (acute respiratory distress 
syndrome) 755 
Arithmetrical mean (AM) 975 
Armoured latex tracheal tubes 301 
Aromatherapy 708 
ARR (absolute risk reduction) 994-995 
Arrhythmias 
anaesthesia effects 147 
atrial 872-873 
B-blockers 134 
complications during anaesthesia 872, 
872t 
halothane 24 
hypotension 810 
hypoxaemia 864 
intraoperative 386-387 
mechanism 146-147 
postoperative care 811-812 
pre-arrest 958—961 
preoperative therapy 386-389 
respiratory sinus 347 
supraventricular see Supraventricular 
arrhythmias 
thoracic surgery postoperative care 672 
ventricular see Ventricular arrhythmias 
see also specific types 
Arterial blood gases 
intraocular pressure 603 
pulmonary embolism 816 
Arterial blood pressure 322-326 
adrenaline 123-124 
6-blockers 133 
cardiac surgery monitoring 681 
epidural analgesia in labour 710 
head trauma management 654—655 
high see Hypertension 
ICU monitoring 907 
intraocular pressure 603—604 
low see Hypotension 
malignant hyperthermia management 
879-880 
measurement see below 
neonates 732, 732t 


rapid sequence induction of emergency 
anaesthesia 758 
Arterial blood pressure measurement 
accuracy 325-326 
central venous pressure 326-332, 3271, 
328f 
chemical indicator dilution 329 
direct measurement 323—325, 324t 
Doppler ultrasound 330-331 
Fick principle 328-329 
indicator dilution 329, 329f 
indirect measurement 322 
optimal damping 325f, 351 
oscillometric measurement 322-323, 
322f, 323t 
pulmonary artery 326-328 
pulse contour analysis 330 
resonant frequency and damping 
324-325, 324f, 325f 
thermal indicator dilution 329-330 
Arterial cannulas 512 
Arterial carbon dioxide tension (P CO,), 
pregnancy 694 f 
Arterial tourniquets, orthopaedic surgery 
584-585 
ASA see American Society of 
Anesthesiologists (ASA) 
ASB (assisted spontaneous breathing) 913 
Ascending pain pathway 59—60, 59f, 824 
Asepsis 520 
ASL (airway surface liquid) 166-167 
Aspartate transaminase (AST) 1007t 
Aspirin 
induced asthma 84 
mechanism of action 82-83 
structure 81f 
vascular surgery 621 
Assessment tools 970-972 
annual review of competence 
progression 970, 970t 
examination 970-972 
learning resources 972 
multiple-choice questions 971 
objective structural clinical examination 
971 
short answer questions 971—972 
structured oral examination 972 
workplace-bases 970t 
Assistance, remote hospital locations 769-770 
Assisted spontaneous breathing (ASB) 913 
Association of Anaesthetists of Great 
Britain and Ireland (AAGBI) 
consent 422, 423, 424t 
equipment checks 4361, 437t 
local anaesthetic toxicity 65, 66t 
monitoring standards 351, 352t 


INDEX 1023 


AST (aspartate transaminase) 1007t 
Asthma 
aspirin induction 84 
bariatric patients 554 
management 155, 160f 
surgery in see Asthma surgery 
Asthma surgery 393-396 
airway obstruction treatment 393 
anaesthesia 394-395 
see also specific agents 
analgesia 395 
cardiac failure 394 
infection treatment 394 
laryngeal mask airway 394 
mechanical ventilation 394 
oxygen 395 
postoperative care 395 
premedications 394 
preoperative management 393-395 
regional anaesthesia 394 
smoking 394 
weight reduction 394 
Asystole 954 
sequence of actions 954 
AT (anaerobic threshold) 501, 501f, 505 
Ataxias, hereditary 412-413 
Atelectasis 867 
Atenolol 132t 
Atlanto-occipital (AO) joint, bariatric 
patients 552 
ATLS (advanced trauma life support) 
763 
Atmospheric pollution 
inhalational anaesthesia complications 
450 
operating theatre safety 432, 432t 
see also Scavenging 
Atopy 54 
Atosiban 702 
ATP 
metabolism 180, 181f 
red blood cell storage 232 
Atracurium besylate 95-96 
day-case general anaesthesia 565 
neonates 740 
paediatric values 1017t 
twitch response 95t 
Atrial arrhythmias 872-873 
Atrial fibrillation 
drug treatments 147t 
perioperative management 387 
Atrial flutter 
complications during anaesthesia 873 
drug treatments 147t 
perioperative management 387 
Atrial tachycardias 387-388 
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Atropine 136 
paediatric values 1017 
premedication 374 
Audit, equipment checks 440 
Auditory evoked potentials, depth of 
anaesthesia 345f, 347, 348f 
Audit trail of randomization, clinical 
trials 993 
Auriculotemporal nerve block 746 
Autologous blood transfusions 233t 
Automated records 355 
Autonomic dysfunction 
elderly 418 
neurological diseases 410 
Autonomic nervous system 116-122, 642 
Autonomic neuropathy 404 
Autonomy 927 
AutoPulse 958 
AV nodal re-entry tachycardia 
(AVNRT) 961 
perioperative management 387-388 
Avogadro's hypothesis 238-239 
AV re-entry tachycardia (AVRT) 961 
perioperative management 387-388 
Awake fiberoptic intubation (AFOI) 467 
sedatives 107 
Awake intubation 
children 493 
emergency anaesthesia 760 
tracheal intubation 861 
Awareness 876-877 
Axillary upper limb block 536-539 
Ayre's T-piece, Jackson—Rees 
modification 742 
Azathioprine 
orthopaedic surgery 580 
renal transplantation 178 


B 
Backache, regional anaesthesia 719 
Back-pressure 
flowmeters 267 
vaporizers 249-250, 249f 
Back-up generators 436 
Bacterial filters, ventilators 285-286, 285f 
BADS (British Association of Day 
Surgery) 560 
Bain coaxial system, Mapleson D breathing 
systems 276f, 277f, 279 
Balanced (multimodal) postoperative 
analgesia 841-842 
Baralyme 281 
Barbiturates 40—45, 115 
classification 40, 41t 
neonates 738 


structure 40, 40f 
see also specific drugs 
Bariatric patients 550—559 
airway 551-552 
airway adjuncts 552 
anaesthetic management 551-554 
anatomy 551-553 
cardiac pathophysiology 555, 556f 
cardiovascular pathophysiology 554-555 
comorbidities 551-554 
electrophysiology 555 
gastro-oesophageal reflux 557 
intra-abdominal pressure 556-557, 557f 
liver 556-557 
non-alcoholic fatty liver disease 556 
non-alcoholic steatohepatitis 556 
pharmacology 557-558, 557t 
positioning 552 
postoperative care 559 
respiratory pathophysiology 552-554 
right ventricle pathophysiology 555 
specific operations 558-559 
vascular disease 555 
see also Obesity 
Barometers 240, 240f 
Basal metabolic rate (BMR) 180 
determination 187 
Base 210 
Base excess 211 
chemical pathology 1007t 
BASICS (British Association for Immediate 
Care) 779 
Bendroflumethiazide 175-176 
Beneficence 927 
Benzamides 851 
Benzocaine 57t 
cardiac surgery premedication 683 
Benzodiazepines 107-112 
amnesia 109 
anaesthesia interactions 359t 
antiepileptic activity 109 
cardiovascular system 110 
CNS effects 108-110 
day-case anaesthesia premedication 
563-564 
dental anaesthesia 600 
insomnia treatment 109 
muscle relaxation 110 
pharmacokinetics 110 
pharmacology 108 
physical properties 108 
premedication 374 
respiratory system 110 
sedation 109 
systemic effects 108-110 
see also specific drugs 


Benzylisoquinolinium compounds 94-96 
Berlin Questionnaire 362, 362t 
Bernoulli, Daniel 244—246 
B-blockers 129, 130-135 
adverse reactions 134 
anaesthesia interactions 359t 
cardiovascular effects 134-135 
characteristics 148t 
high-risk patients 504 
idiosyncratic reactions 135 
indications 131—134, 133t 
mechanism of action 149 
membrane stabilization 131 
neurological anaesthesia induction 645 
ophthalmic anaesthesia 616 
pharmacology 131, 132t 
premedication 375 
preoperative cardiac surgery 679 
preoperative therapy 383-384 
tachycardia 874 
vascular surgery 621 
BHS (British Hypertension Society) 
382-383 
Bias 977-979 
Bicarbonate 957 
chemical pathology 1007t 
Bier's block see Intravenous regional 
anaesthesia (IVRA) 
Biguanides 403 
Biliary tract drainage 790 
Bilirubin 1007¢ 
Bimetallic strip thermometers 350 
Binary pain measurement scale 829 
Bioavailability, oral drug administration 9 
Biochemical monitoring 
cardiac surgery 682 
CPB 687 
post-resuscitation care 963 
Biological electrical signals 318-320 
amplification 318-320 
common mode rejection 318-319 
electrical interference 319-320 
input impedance 318-319 
interference 319-320 
noise 319-320 
patient—electrode noise 319 
patient noise 319 
Biological mechanical signals 320-321 
see also specific systems 
Biphasic positive airway pressure (BPAP) 
290 
Birth canal trauma 
labour 717 
post-delivery analgesia 717 
Birth preparation classes 708 
Bisoprolol 132t 


Bispectral analysis, EEG 346-347 
Bite block, ECT 778 
Bladder contents, epidural analgesia in 
labour 710 
Bladder tumour resection 576 
Bland—Altman technique 984, 987b 
Bleeding see Haemorrhage 
Bleeding disorders 
epidural analgesia contraindications 710 
liver disease 398 
Bleeding time 
normal values 1010t 
prolongation 1010t 
Blinding, clinical trials 993 
Blinding of allocation, clinical trials 993 
Blood aspiration, extubation difficulties 491 
Blood-brain barrier 2-3 
Blood cells 216-217 
Blood chemistry, preoperative 
assessment 364 
Blood coagulation 217-219, 218f 
amplification 218 
diseases/disorders see Blood coagulation 
disorders (coagulopathies) 
extrinsic pathway 217, 218f 
factors, eclampsia/pre-eclampsia 726 
initiation 217-218 
intrinsic pathway 218f 
laboratory tests 219 
measurement 350-351 
near-patient measurement 351 
platelets 217 
pregnancy 695-696, 695t 
von Willebrand factor 217 
Blood coagulation control, CPB 685 
Blood coagulation disorders 
(coagulopathies) 222-228, 223t, 224t 
drug-induced 224t, 225-227 
haemorrhage 234 
regional anaesthesia 228 
trauma 222-225, 227t 
see also specific diseases/disorders 
Blood coagulation screen 
preoperative assessment 364, 364t 
preoperative cardiac surgery 679 
Blood coagulation screens 1010t 
Blood coagulation tests, normal values 1010t 
Blood conservation 
gynaecological/genitourinary surgery 572 
haemorrhage 224t, 234 
orthopaedic surgery 585-586 
Blood count, preoperative cardiac 
surgery 679 
Blood flow 1005t 
Blood gas analysis 341-345 
carbon dioxide electrode 341 


glass pH electrode 341, 341f 
oxygenation 341—345 
respiratory disease 392 
Blood glucose 
control in diabetes mellitus 403—404 
ICU 919 
preoperative assessment 364t 
Blood losses 350-351 
perioperative therapy 203 
Blood physiology 216-219 
Blood pressure 
arterial see Arterial blood pressure 
high see Hypertension 
low see Hypotension 
Blood products 229-234, 231t 
see also specific products 
Blood system, nitrous oxide side-effects 32-33 
Blood transfusions 229-234 
acute transfusion reaction 233t 
antibody-antigen reactions 226f, 232 
complications 232, 233t 
diabetes mellitus perioperative 
management 405 
haemorrhage 234-235 
Jehovah's Witnesses 235 
massive, major trauma anaesthesia 
767-768 
requests, preoperative preparation 372 
Blood volume 
bariatric patients 555 
neonates 733 
pregnancy 691 
BMI (body mass index) 550 
BMR see Basal metabolic rate (BMR) 
BNP (brain natriuretic peptide), high-risk 
patient identification 499-500 
Body mass index (BMI) 550 
Body temperature 349-350 
cardiac surgery monitoring 681 
complications during anaesthesia see 
Complications during anaesthesia 
CPB 687 
CPB weaning 686 
measurement 193 
non-depolarizing neuromuscular 
blocking agents 98 
regulation of see Thermoregulation 
see also Hyperthermia; Hypothermia 
Bolus administration, epidural analgesia 713 
Bolus intravenous administration 9-10 
postoperative opioids 832 
Bone marrow transplants 793 
Bonferroni correction 983 
Botulinum toxin 943 
Bougies 309, 309f 
Bourdon gauge flowmeter 336 
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Boyle Davis gag 591, 591f 
Boyle's bottle 30 
Boyle's law 238 
BPAP (biphasic positive airway pressure) 
290 
Brachial plexus 540f 
anatomy 536, 537f 
postoperative analgesia 838 
Brachial plexus block 760 
Brachytherapy 575-576 
Bradycardias 961 
complications during anaesthesia 871 
intraoperative 387 
neonates 732 
pre-cardiac arrest 960f 
Brain 
anatomy 640 
vascular supply 642 
see also Central nervous system (CNS) 
Brain natriuretic peptide (BNP), high-risk 
patient identification 499-500 
Brain oxygenation 347-348 
jugular venous oxygen saturation 
monitoring 348 
Licox® PMO 348 
micro-dialysis catheters 348 
near-infrared spectroscopy 347 
transcranial Doppler ultrasound 
347-348 
Brainstem 640 
Brainstem death 929 
Breast-feeding (lactation) 700-701 
Breathing 
major trauma anaesthesia 763—767 
post-resuscitation care 962 
pre-hospital environment 781 
Breathing circuit protection 304 
Breathing systems 273-285 
adjustable pressure-limiting valve 
273-274, 274f 
alarms 352-353 
drawover systems 280, 280f 
equipment checks 437t, 438 
manual resuscitation 284-285, 285f 
Mapleson classification 274-280, 274f 
Mapleson ADE systems 279-280, 279f 
Mapleson A systems 275-276, 275f, 276f 
Mapleson B systems 276 
Mapleson C systems 276 
Mapleson D systems 276-278, 277f 
Mapleson E systems 278-279 
Mapleson F systems 278-279 
turbulent flow 244 
Bretylium 148¢, 151 
British Association for Immediate Care 
(BASICS) 779 
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British Association of Day Surgery 
(BADS) 560 
British Hypertension Society (BHS) 382-383 
British Thoracic Society (BTS) 155, 160f 
2-Bromo-2-chloro-1,1,1-trifluoroethane 
see Halothane 
Bronchial carcinoma 396 
Bronchial intubation, tracheal intubation 
complications 862, 911 
Bronchial obstruction 487—488 
Bronchial tubes, double-volume see 
Double-lumen bronchial tubes 
Bronchiectasis 395 
Bronchitis, chronic 809, 809f 
Bronchocath double-lumen endobronchial 
tubes 662f 
Bronchocath double-lumen tracheal tubes 
302, 302f 
Bronchodilators 156-159 
Bronchopleural fistula 670 
pneumothorax 867 
Bronchoscopy 
fiberoptic see Fiberoptic bronchoscopes 
rigid 667-668 
Bronchospasm 
B-blockers 135 
complications during anaesthesia 
858-859 
hypoventilation 800 
inhalational anaesthesia complications 
449 
thiopental sodium adverse effects 43 
BTS (British Thoracic Society) 155, 160f 
Buccal drug administration 9 
Buffer(s) 210 
Buffer base 1007t 
Bulbar palsy, progressive 412 
Bullae 670 
Bumetanide 175 
Bunsen solubility coefficient 251 
Bupivacaine 57t 
breast-feeding 701 
doses 62t 
epidural block 532 
epidural block in Caesarian section 716 
ophthalmic regional blocks 612, 613 
pharmacology 63 
postoperative epidural block 836 
postoperative local anaesthesia 835 
spinal anaesthesia 715 
subarachnoid block 528 
thoracic surgery postoperative care 671-672 
Buprenorphine 80 
chronic pain management 939 
metabolism and excretion 75t 
postoperative analgesia 830t 


Burns 635-639 
anaesthesia 637-639 
general anaesthesia 635 
classification 635 
complications during anaesthesia 886 
initial management 636-637, 636t 
monitoring 638 
pathophysiology 635-636 
patient positioning 638 
Butyrophenones 
anaesthesia interactions 359t 
PONV treatment 849t, 850 


c 
CABG see Coronary artery bypass grafting 
(CABG) 
Cabinet ventilators 285 
Caesarean section 706, 706t 
combined spinal-epidural block 716 
emergency 716-717 
epidural block 715-716 
general anaesthesia 721-722 
post-delivery analgesia 717-718 
spinal anaesthesia 714-715 
umbilical cord blood analysis 706 
Caffeine 718 
CAH (congenital adrenal hyperplasia) 408 
Calcineurin inhibitors 786t 
Calcium 
chemical pathology 1007t 
CPR 958 
disorders 955 
renal disease 400 
sympathetic nervous system 127 
Calcium channel blockers (CCBs) 138-141 
anaesthesia 141, 359t 
classification 139-141, 140t 
clinical effects 139 
first-generation 139-141, 140t 
mechanism of action 138-139, 139f 
preoperative cardiac surgery 679 
pulmonary vasculature 163 
renal effects 171 
second-generation 141 
third-generation 141 
Calcium sensitizers 127—128 
Cancer pain management 937—938 
Candesartan 145t 
Cannabinoids 
chronic pain management 941 
PONV treatment 849f, 852 
Cannulas 
arterial 512 
narrow-bore see Narrow-bore cannula 
percutaneous 684 


Can't intubate, can't ventilate (CICV) 462, 
479-481 
direct tracheal access 481 
face mask ventilation 480 
neuromuscular blocking drugs 
480-481 
oxygen 480 
supraglottic airway devices 480 
waking 480 
see also Difficult airway management 
CAP (cardiac action potential) 146 
Capacitance 320 
Capacity, consent 426 
Capsaicin 67, 941 
Captopril 
anaesthesia interactions 359t 
pharmacology 144t 
Carbetocin 702 
Carbohydrate metabolism 180-182 
aerobic glycolysis 180-181 
anaerobic glycolysis 181-182 
gluconeogenesis 182 
glucose 183f 
glycolytic pathway 181, 182f 
Krebs' citric acid cycle 184f 
Carbohydrate mobilization, stress response 
189 
Carbon dioxide (CO,) 34 
cerebral blood flow effects 644, 644f 
Carbon dioxide absorbers 
equipment checks 438 
gynaecological/genitourinary 
laparoscopy 569-570 
inhalational anaesthetic agents 27 
sevoflurane interactions 23 
Carbon dioxide cylinders 266 
colour coding 265t 
sizes 265t 
Carbon dioxide electrode, blood gas 
analysis 341 
Carbon dioxide measurement 339-341 
gas—liquid chromatography 340-341 
mass spectrometry 340 
radiation absorption 339-340 
Ramen scattering 341 
Carbonic anhydrase inhibitors 173-174 
ophthalmic anaesthesia 616 
Carboprost 702 
Carcinoid tumours 629-631 
5-HT antagonists 630 
anaesthesia 630-631 
imaging 630 
Cardiac action potential (CAP) 146 
Cardiac arrest 
adrenaline 124 
diagnosis 950 


in-hospital see In-hospital cardiac arrest 
local anaesthesia 956 
potentially reversible causes 955, 955t 
pre-arrest arrhythmias 958-961, 959f, 960f 
prevention 949-950 
prone position 956 
see also Cardiopulmonary resuscitation 
(CPR) 
Cardiac catheterization 677—678, 678t, 776 
Cardiac disease, obstetric anaesthesia 722 
Cardiac events, preoperative prediction 
369-370, 370t 
Cardiac failure, asthma surgery 394 
Cardiac glycosides 153-154 
Cardiac index, neonates 732 
Cardiac index (CI) 1005t 
Cardiac investigations, preoperative 
assessment 365 
Cardiac output (CO) 1005t 
adrenaline 123-124 
bariatric patients 555 
calculation 916 
cardiac surgery monitoring 681 
continuous measurement 330 
Doppler ultrasound 331-332, 331f 
early recovery period 794 
halothane 24 
high-risk patient perioperative 
management 506 
inhalational anaesthetic agents 18f, 27t 
measurement 328-332 
pregnancy 691, 693f 
Cardiac rhythm 687-688 
Cardiac surgery 674-689 
anaesthesia 683-687 
induction 683-684 
analgesia 689 
comorbidities 674 
haemorrhage 688 
investigations 679-680 
monitoring 681—682 
pathophysiology 682-683, 682f 
postoperative care 688—689 
premedication 683 
preoperative assessment 677—680 
cardiac catheterization 677—678, 678t 
echocardiography 678 
exercise ECG 677 
imaging 679 
radionuclide imaging 678-679 
preoperative drug therapy 679 
risk assessment 680-681 
tracheal extubation 688 
trends in 674—677 
Cardiac tamponade 955 
Cardiac transplants 790-791 


Cardiopulmonary bypass (CPB) 676-677, 


676f, 684-686 
acid—base balance 685 
anaesthesia 684 
anticoagulation 676 
coagulation control 685 
connecting tubes 677 
filters 677 
fluid prime 677 
haemodynamics 687—688 
haemorrhage 687 
low cardiac output state 686-687 
manometers 677 
myocardial preservation 685 
oxygenator 677, 685 
postoperative care units 688 
pumps 677 
serum potassium 685-686 
suction 677 
venous reservoir 676 
weaning 686—687 


Cardio-pulmonary exercise testing (CPET) 


377 
high-risk patient identification 500-502, 
505 
preoperative assessment 365-367 


Cardiopulmonary resuscitation (CPR) 


950-951 
during 954-955 
airway management 956-957 
circulation 957-958 
do-not-attempt-resuscitation decisions 
964 
equipment 950 
high-quality 950 
in hospital 951, 951f 
impedance threshold devices 958 
load-distributing band 958 
local anaesthetic toxicity 65 
location 950 
Lund University Cardiac Arrest System 958 
mechanical 958 
operating room 955-956 
post-resuscitation care 961—964 
airway 962 
breathing 962 
circulation 962 
disability 962-963 
prognosis 963—964 
responder numbers 950 
skills 950 
ventilation 956-957 


Cardiopulmonary system, thoracic surgery 


investigations 659 


Cardiotocograph (CTG) monitoring 705, 


705t, 706t 
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Cardiovascular depression 


etomidate 48 

intravenous induction complications 
446 

propofol adverse effects 47 


Cardiovascular disease 378—391 


diabetes mellitus complications 404 
ketamine precautions 51 
subarachnoid block 524 

thiopental sodium precautions 43—44 
see also specific diseases/disorders 


Cardiovascular system 116-154, 1005—1006 


anaesthetic complications see 
Complications during anaesthesia 

bariatric patients 417, 554-555, 556f 

benzodiazepines 110 

B-blockers effects 134-135 

burns 635-636 

carbon dioxide 35t 

clinical measurement 321-332 

see also specific monitoring systems 

cyclo-oxygenase-2 inhibitors 85 

desflurane 21 

diethyl ether 29 

dystrophia myotonica 414 

early recovery period 794 

eclampsia/pre-eclampsia 726 

elderly 418 

enflurane 28 

halothane 24-25 

ICU admission 906 

inhalational anaesthetic agents 18f, 19f, 
20f, 26, 27t 

isoflurane 17-18 

ketamine 50 

liver disease 397 

methohexital sodium 45 

methylxanthine adverse effects 159 

monitoring alarms 353 

neonates 732-733, 732t 

nitrous oxide 31-32 

obesity 417, 554-555, 556f 

opioids 72 

oxygen adverse effects 33 

Parkinson's disease 411 

porphyrias 421 

postoperative care see Postoperative care 

propofol 46 

renal disease effects 400 

rheumatoid arthritis 416 

sevoflurane 22 

stress response 189, 190f 

subarachnoid block effects 522-523 

suxamethonium side effects 93 

thiopental sodium 41 

vomiting centre stimulation 845 
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Cardioversion 628-629 
assessment 628 
Cardioverter implantation 776 
Care bundles, ICU 926-927 
Carotid arteries 642 
Carotid artery surgery 626-628 
complications 628 
general anaesthesia 627—628, 627t 
local anaesthetic 626-627 
monitoring 628 
Carotid endarterectomy 626 
Carvedilol 132t, 135 
Case-control studies 990 
Casualty, access to 780 
Cataract surgery 617 
Catecholamines 123-128 
endogenous 123-124 
metabolism 119f 
metabolites 632 
structure 118f 
synthesis 118f 
synthetic 124-125 
see also Adrenaline (epinephrine); 
Noradrenaline (norepinephrine) 
Catechol O-methyltransferase (COMT) 
118-119 
Categorical data 974 
Catheter(s) 
epidural 718 
insertion 531 
local anaesthetics 519 
mounts for tracheal tubes 303—304, 
304f 
Catheter-related bloodstream infections 
(CRBIs) 925 
Cations 199 
Cauda equina syndrome 719-720 
Caudal epidural block 534, 534f 
day-case regional anaesthesia 565 
gynaecological/genitourinary surgery 
572 
paediatric regional anaesthesia 746 
postoperative 838, 838t 
CCBs see Calcium channel blockers 
(CCBs) 
CCT (Certificate of Completion of 
Training) 690 
CCU (critical care units) 511—512 
Celiprolol 132t, 135 
Celsius scale 246-247 
CEMACE (Centre for Material and Child 
Enquiries) 690 
Centrally-acting sympatholytic drugs 
128-129 
Central nerve blocks 522-534 
orthopaedic surgery 580 


orthopaedic surgery postoperative 
analgesia 582, 582t 
see also specific blocks 
Central nervous system (CNS) 
anticholinergic drug toxicity 375 
benzodiazepines effects 108-110 
clonidine effects 114 
desflurane 21 
diethyl ether 29 
early recovery period 794 
eclampsia/pre-eclampsia 726 
elderly 418 
enflurane 28 
halothane 25 
ICU admission 906 
inhalational anaesthetic agents 26, 27t 
see also specific agents 
ischaemia during anaesthesia 877 
isoflurane 18 
ketamine 50 
methohexital sodium 45 
methylxanthine adverse effects 159 
nitrous oxide 32-33 
oxygen adverse effects 34 
postoperative care 797-798 
propofol 46 
sevoflurane 22-23 
thiopental sodium 41 
see also Brain; Spinal cord 
Central neuraxial blocks, paediatric 
regional anaesthesia 745 
Central retinal artery 603f 
Central retinal vein 603f 


Central venous catheters, high-risk patient 


postoperative management 511-512 
Central venous pressure (CVP) 1005t 
cardiac surgery monitoring 681 
high-risk patient postoperative 
management 511 
ICU monitoring 908 
malignant hyperthermia management 
879-880 
measurement 326-332, 3271, 328f 
neurological anaesthesia 647 
pregnancy 691—692 
Centre for Material and Child Enquiries 
(CEMACE) 690 
Cephalosporins 175 
Cerebellum 640 
Cerebral angiography 770-771 
Cerebral blood flow 642-643, 643f 
carbon dioxide effects 644, 644f 
intravenous anaesthetic agents 39 
oxygen effects 644 
Cerebral Function Analysing Monitor 
(CEAM) 346 


Cerebral hemispheres 640 
Cerebral metabolic rate for oxygen 


(CMRO) 643 


Cerebral metabolism 643 
Cerebral monitoring, cardiac surgery 


681-682 


Cerebral pathology, postoperative care 797 
Cerebral perfusion pressure (CPP) 


642-643, 643f 
monitoring 923 


Cerebrospinal fluid (CSF) 641 


shunt insertion 650-651 


Cerebrovascular lesions 649-650 
Cervical cerclage 729-730 
Cervical facet nerve block 944 
Cervical mediastinoscopy 669 
Cervical spine 


control in pre-hospital environment 781 
surgery 575, 652—653 
X-ray 365 


CEAM (Cerebral Function Analysing 


1 


ekeverenenene| 
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GQ 
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Monitor) 346 
hain of Survival 948, 949f 
harles' law 238 
HD (congenital heart disease) 676 
hecklists, quality and safety 896-897, 898t 
helating agents 1 
hemical gas analysis methods 337 
hemical indicator dilution, arterial 
pressure measurement 329 
hemical lumbar sympathectomy 945 
hemical neurolysis 943 
hemical pathology 1007—1009 
hemical thermometers 247, 349 
hemoreceptor trigger zone (CTZ) 3, 844 
hest physiotherapy 504 
hest wall compliance 553 
hest X-ray 
pneumothorax management 867 
preoperative assessment 364-365, 364t 
pulmonary embolism 815 
respiratory disease 391 
thoracic surgery investigations 658 
hildren see Paediatric patients 
hi-squared distribution 977 


hloral hydrate 115 

hloride 1007t 

-Chloro-2,2,2-trifluoromethyl see 
Isoflurane 

hloroform 1004t 

hloroprocaine 57t 

doses 62t 

hloroquine 580 

hlorothiazide 175-176 

hlorpromazine 113 


C 
Cc 
Chi-squared test 980-985, 982b 
C 
C 


Chlorthalidone 175-176 
Cholesterol 185, 186, 186f 
chemical pathology 1007t 
as energy source 186 
Choline acetyltransferase 87-88 
Cholinergic parasympathetic system 155 
Cholinergic receptors 112 
Cholinesterase 
acquired factors 92 
chemical pathology 1007t 
genetic factors 91 
Choroid 603f 
Chromatography, gas-liquid see Gas— 
liquid chromatography 
Chronic bronchitis 809, 809f 
Chronic kidney disease (CKD) 399 
Chronic obstructive pulmonary disease 
(COPD) 393 
long-term oxygen therapy 166 
Chronic pain 932-947 
conditions 935t 
epidemiology 933-934 
management see below 
Chronic pain management 935-946 
antiarrhythmic drugs 941 
anticonvulsants 940 
assessment 935-936 
cannabinoids 941 
capsaicin 941 
costs 946-947 
definition 932 
evidence-based practice 946 
explanation 936 
interventions 937, 937f 
intravenous therapies 941-945 
botulinum toxin 943 
chemical neurolysis 943 
corticosteroids 942-943 
epidural steroids 944 
local anaesthetics 942 
nerve blocks 942, 942f, 943t 
nerve root injections 944 
neurolytic techniques 943-944 
psychological techniques 946 
radiofrequency lesions 943-944 
spinal endoscopy 944 
stimulation-induced analgesia 
945-946 
sympathetic nerve blocks 944-945 
investigations 936 
ketamine 941 
medications 937-941 
NSAIDs 938 
opioids 938 
co-analgesics 940—941 
spinal administration 940 


subcutaneous 940 
transdermal delivery 939-940 
oral corticosteroids 941 
pain history 936 
paracetamol 938 
physical examination 936 
serotonin norepinephrine re-uptake 
inhibitors 941 
tricyclic antidepressants 941 
Chylomicrons 185-186 
Ciclosporin A 178 
Ciclosporin-Neoral 178 
CICV see Can't intubate, can't ventilate 
(CICV) 
Ciliary body 603f 
intraocular pressure 602 
Circle rebreathing system 281-284, 281f, 
282f 
advantages 284t 
disadvantages 282, 284t 
intermittent positive pressure 
ventilation 284 
nitrous oxide 284 
vaporizer inside the circle 283f, 284 
vaporizer outside the circle 283-284, 
283f 
Circulating volume assessment 753-755 
Circulation 
major trauma anaesthesia 764-765 
post-resuscitation care 962 
pre-hospital environment 781 
Circumflex artery 675f 
Cisatracurium 96 
neonates 740 
paediatric values 1017t 
twitch response 95t 
Citrate phosphate dextrose 1005t 
Citrate phosphate dextrose adenine 1005t 
CKD (chronic kidney disease) 399 
Clam cystoplasty 576-577 
Claustrophobia, MRI 774 
Clearance 
calculation 6-7 
local anaesthetic pharmacokinetics 63 
pharmacokinetics 5-6 
Clinical examination 
obstructed airway management 486 
post-resuscitation care 963 
Clinical measurement 312-356 
analogue processing 316-317 
cardiovascular system 321-332 
continuous measurements 315-316 
data display 317-318 
digital processing 316-317 
essential requirements 314-315 
interpretation 312-313 
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limitations 312 
microprocessors 314 
nervous system 345-348 
process of 314-318 
repeated measurements 315 
respiratory system 332-333 
stages 314 
see also Monitoring; specific methods 
Clinical outcomes, quality and safety 
measurement 894 
Clinical trials 990-995 
case-control studies 990 
cross-sectional studies 990 
longitudinal studies 990-991 
observational studies 990-995 
Clonidine 114, 128-129 
anaesthesia interactions 359t 
orthopaedic surgery postoperative 
analgesia 582t 
premedication 376 
Clopidogrel 
coagulopathies 228 
preoperative therapy 383-384 
vascular surgery 621 
Closed gas spaces, nitrous oxide 
side-effects 32 
Closed-loop systems, intravenous 
anaesthesia 54 
Clotting time 1010t 
C-Mac laryngoscope 296-297, 298f, 489 
CMRO (cerebral metabolic rate for 
oxygen) 643 
CNS see Central nervous system (CNS) 
Coagulopathies see Blood coagulation 
disorders (coagulopathies) 
Coanda effect 246, 246f 
Cocaine 57t 
Codeine 79 
characteristics 834t 
doses 70t 
metabolism 4t 
metabolism and excretion 75t 
structure 73f 
Coexisting medical disease 
cardiac surgery 674 
complications during anaesthesia 854 
surgical postponement 371 
transplanted organ patients 785 
see also Intercurrent disease; specific 
diseases/disorders 
Cognitive impairment, elderly 418 
Cohort studies 990 
Colloids 
high-risk patient perioperative 
management 510 
ICU 919-920 
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Colour-coding, gas cylinders 264, 265, 265t 
Colposuspension 576 
Combined ilioinguinal and iliohypogastric 
block 838 
Combined spinal—epidural block 716 
Combustion support, fires 261 
Common mode rejection ratio (CMRR), 
biological electrical signals 318-319 
Common tendinous ring 609f 
Communication 
complications during anaesthesia 853 
difficult airway management 463—465 
quality and safety 891 
remote hospital locations 770 
Comorbidities see Coexisting medical 
disease 
Comparison, clinical trials 991 
Compatibility, red cell concentrates 232 
Complementary therapies, labour 
analgesia 708 
Complement-mediated hypersensitivity 54 
Complex regional pain syndromes (CRPS) 
935, 935f 
Complications during anaesthesia 853-886 
avoidance 854-855 
body temperature 878-880 
hyperthermia 878 
hypothermia 878 
malignant hyperthermia 879-880 
cardiovascular system 867-874 
arrhythmias 872, 872t 
atrial arrhythmias 872-873 
bradycardia 871 
haemorrhage 870-871 
heart rate 871-873 
hypertension 867-868, 868t 
hypotension 868-870, 869t 
hypovolaemia 870, 870t 
myocardial ischaemia 874, 874t 
tachycardia 871-872 
ventricular arrhythmias 873 
causes 853-886 
human errors 853 
drug reactions 880-883 
hypersensitivity 880-882 
emboli 875-876 
equipment malfunction 880 
gas emboli 875-876 
injury 885-886 
cutaneous injury 885 
electrical injury 886 
ophthalmic injury 885-886 
peripheral nerve injury 885 
thermal injury 886 
vascular injury 886 
management 855-856 


medicolegal aspects 856 
neurological complications 876-877 
awareness 876—877 
neurological injury 877 
central nervous system ischaemia 877 
peripheral nervous system 877 
regional anaesthesia see Regional 
anaesthesia 
respiratory system 856-859 
apnoea 865 
atelectasis 867 
bronchospasm 858-859 
gastric content aspiration 863 
hiccups 863 
hypercapnia 865-866 
hypocapnia 866 
hypoxaemia 863-865, 864t 
laryngospasm 858 
pneumothorax 866-867 
respiratory obstruction 856-858, 857t 
thromboembolus 875 
Compressed air outlets 264 
Compressed spectral analysis 908-909 
Computed tomography (CT) 770, 771-772 
carcinoid tumour 630 
cardiac surgery preoperative assessment 
679 
deep venous thrombosis 814 
general anaesthesia 771 
mid-tracheal obstruction 487, 487f 
obstructed airway management 486 
phaeochromocytoma diagnosis 632 
post-resuscitation care 963 
sedation 771 
stereotactic-guided surgery 772 
COMT (catechol O-methyltransferase) 
118-119 
Concentration effect, nitrous oxide 31, 31f 
Concurrent medical history 358 
Condenser humidifier 250 
Conduction defects, postoperative care 812 
Conduited intubation guides 489 
Confidence 889 
Confirmation of death 929 
Confusion, postoperative care 798 
Congenital adrenal hyperplasia 
(adrenogenital syndrome) 408 
Congenital heart disease (CHD) 676 
Congestive heart failure 
ACE inhibitors 143-144 
6-blockers 134 
Conjugated oestrogens 224t 
Conjunctiva 603f 
Connecting tubes, CPB 677 
Connective tissue disorders 415—417 
see also specific diseases/disorders 


Conn's syndrome (aldosterone 
hypersecretion) 407—408 
Conscientiousness 889 
Consciousness 
early recovery period 794 
intracerebral haemorrhage 649 
local anaesthetics 514 
neurological diseases 410 
postoperative care 797 
Consent 422—427 
Association of Anaesthetists of Great 
Britain and Ireland 422, 423, 424t 
capacity 426 
children 426—427 
clinical trials 992 
emergencies 426 
failure, surgical postponement 371 
implied 422 
information 423—425 
multimedia 424 
quantity 423 
written 424 
pregnancy 427 
preoperative preparation 371-372 
risk communication 425, 425t 
special circumstances 426—427 
verbal 422 
voluntariness 423 
written 422 
CONSORT 994 
Constant flow generators, ventilators 
287-288, 287f, 288f 
Constant pressure flowmeters 335-336 
Constant pressure ventilators 286-287, 287f 
Consultants, ICU 903 
Context-sensitive half-life 8, 8f 
Continence surgery 576-577 
Contingency tables, Chi-squared test 980 
Continuing professional development 
(CPD) 973 
Continuous infusion, epidural analgesia in 
labour 713 
Continuous intravascular injection, 
postoperative opioids 832-833, 833t 
Continuous peripheral nerve blocks 
547-548 
Continuous positive airways pressure 
(CPAP) 
laryngospasm 858 
respiratory failure 910 
transport ventilators 290 
Continuous spinal anaesthesia 529 
Continuous venovenous 
haemodiafiltration (CVVHDF) 921 
Continuous venovenous haemodialysis 
(CVVHD) 921 


Continuous venovenous haemoinfiltration 
(CVVHE) 921 
Contractility 917 
Contractions, epidural space 697 
Controlled oxygen therapy 809-810 
Conus 675f 
COPD see Chronic obstructive pulmonary 
disease (COPD) 
Copper 1007t 
Core temperature, malignant 
hyperthermia management 879-880 
Cornea 603f, 610f 
Coronary aeroembolism, CPB 686 
Coronary angiography 770-771 
Coronary arteries 675f 
Coronary artery bypass grafting (CABG) 
620-621, 675 
risk stratification 380 
Coronary artery disease, isoflurane 17-18 
Coronary revascularization, high-risk 
patients 504 
Coronary valve diseases 675-676 
Cortical inputs, vomiting centre 
stimulation 845 
Corticosteroids 
asthma surgery premedication 393, 
393t 
intravenous, chronic pain management 
942-943 
orthopaedic surgery 580 
PONV treatment 851 
Corticotrophin, post-dural puncture 
headache 718 
Cortisol 1007t 
Cortisol hypersecretion (Cushing's 
syndrome) 407—408 
Cough, post-surgery functional residual 
capacity 804 
Coulomb (C) 253 
CPAP see Continuous positive airways 
pressure (CPAP) 
CPB see Cardiopulmonary bypass (CPB) 
CPD (continuing professional 
development) 973 
CPET see Cardio-pulmonary exercise 
testing (CPET) 
CPP see Cerebral perfusion pressure (CPP) 
CPR see Cardiopulmonary resuscitation 
(CPR) 
Cranial nerve III (oculomotor nerve) 
608-609, 609f 
Cranial nerve IV (trochlear nerve) 608-609 
Cranial nerve V (trigeminal nerve) 609 
Cranial nerve VI (abducens nerve) 
608-609, 609f 
Cranial nerve VII (facial nerve) 608-609 


Cranial nerve palsy, subarachnoid block 
complications 529 
Craniotomy 644 
CRASH-2 study 225 
CRBIs (catheter-related bloodstream 
infections) 925 
Creatine kinase (CK) 1007t 
Creatinine 364t 
chemical pathology 1007t 
Cricoid cartilage 660-661 
Cricothyroid 
anatomy 535f 
injection 535f 
Cricothyroidectomy 857-858 
Melkar 303, 303f 
Portex 303, 304f 
Cricothyroidectomy devices 303, 303f 
emergency airway techniques 483—484 
Critical care, sedatives 107 
Critical care units (CCU) 511-512 
Critical temperature, gases 239 
Cross-sectional studies 990 
CRPS (complex regional pain syndromes) 
935, 935f 
CR (vitroretinal) surgery 617-618 
Cryoprecipitate 231t 
Cryotherapy, postoperative analgesia 841 
Crystalloid solutions 
high-risk patient perioperative 
management 510 
ICU 919-920 
CSF see Cerebrospinal fluid (CSF) 
CT see Computed tomography (CT) 
CTG (cardiotocograph) monitoring 705, 
705t, 706t 
C-Trach LMA 307, 307f 
CTZ (chemoreceptor trigger zone) 3, 844 
Cuffed tracheal tubes 300-301 
children difficult airway management 494 
Cuirass ventilators 285 
Curved blade laryngoscopes 295-296, 295f 
technique 452f 
Cushing's disease 406 
Cushing's syndrome 407—408 
Cutaneous injury, anaesthesia 
complications 885 
CVP see Central venous pressure (CVP) 
CVP (central venous pressure) 1005t 
CVVHD (continuous venovenous 
haemodialysis) 921 
CVVHDF (continuous venovenous 
haemodiafiltration) 921 
CVVHE (continuous venovenous 
haemoinfiltration) 921 
Cyclizine 830t, 849t 
Cyclodextrins 100 
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Cyclo-oxygenase(s) 82-83 
NSAIDs 83 
Cyclo-oxygenase-2 (COX-2) inhibitors 
84-85 
mechanism of action 81f, 84-85 
Cycloplegia, anticholinergic drug side 
effects 375 
Cyclopropane 1004t 
Cystectomy 571-572, 573 
Cytochrome P450 oxidases, genetic 
variation 8 
Cytokine response 
stress response 191 
surgery/trauma 187-188 
Cytoscopy 572 


D 
Dacryocystorhinostomy (DCR) 618 
Dalton's law of partial pressure 238 
DAS (Difficult Airway Society) 468, 469t, 
470f, 47 Lf, 472f, 491-492, 492f 
Data 
distribution 976-977, 977f 
sampling 975-976 
storage 314 
summarizing 975 
types 974 
Day-case anaesthesia 560-567 
admission 563 
elderly 561 
general anaesthesia 564-565 
nasal/sinus surgery 593 
neonates 744—745 
outpatient consultation 561-562 
overnight fasting 562 
patient selection 560-562, 561t 
postoperative care 566-567 
pre-assessment clinics 561—562 
pregnancy tests 563 
premedication 563-564 
prevalence 560, 561t 
regional anaesthesia 565-566 
unit organization 562-563 
venous thromboembolism prophylaxis 
563 
written instructions 562 
DBS (double-burst stimulation), 
neuromuscular blockade 
monitoring 103 
DCR (dacryocystorhinostomy) 618 
DDAVP see Desmopressin (DDAVP) 
D-dimers 814 
Dead space, neonates 732t 
Deamination, amino acids 184, 185f 
Death certificates 929 
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Decamethonium 94 
structure 90f 
Decision-making, quality and safety 892 
Deep vein thrombosis (DVT) 
orthopaedic surgery 584 
platelet aggregation changes 814-815 
premedication 376t 
risk factors 813-814 
treatment 816 
Defibrillation 953-954 
Defibrillators 
electrical safety 254-255 
implantable 776 
implantable cardioverter defibrillators 
389 
post-anaesthetic care unit 440 
Deficit, pre-hospital environment 781 
Damage control surgery 765-767 
Degrees of freedom, Chi-squared test 
980 
Dehydration 203 
assessment 203 
hypertonic 205 
neonates 734t 
thiazide diuretics 176 
Delirium, ICU 926 
Density 236, 237t 
Dental anaesthesia 599-600 
general anaesthesia 599 
sedation 599-600 
Dental trauma 
airway management 885 
postoperative care 820 
Deoxyhaemoglobin, oximetry 343, 344f 
Departmental level, quality and safety 
measurement 895 
Depletional hyponatraemia 207 
Depolarizing neuromuscular blocking 
agents 93 
Depth of anaesthesia 346-347 
auditory evoked potentials 345f, 347, 
348f 
awareness 876 
isolated forearm technique 346 
respiratory sinus arrhythmias 347 
Descending systems, pain physiology 825 
Desflurane 19-22, 1004t 
carbon dioxide absorbers 27 
cardiac output 18f 
cardiovascular system 20f, 21, 26 
central nervous system 21, 26 
characteristics 15, 15t 
day-case general anaesthesia 564 
distribution 20 
heart rate 21f 
mean arterial pressure 19f 


metabolism 20, 27 
musculoskeletal system 21-22 
neonates 738 
neuromuscular junctions 26—27 
phaeochromocytoma surgery 632—633 
pharmacokinetics 26 
physical properties 20 
recovery from 17f 
respiratory system 18f, 20-21, 26 
structure 16f 
systemic effects 27t 
systemic vascular resistance 19f 
uptake 17f, 20 
uterus 27 
Desmopressin (DDAVP) 224t 
haemophilia 222 
renal effects 172 
Detection, clinical measurement 314 
Detection bias 978 
Developing countries, ketamine 51 
Developmental pharmacology, neonates 
736-740 
Dexamethasone 
extubation difficulties 490-491 
PONV treatment 849t 
Dexmedetomidine 114-115 
premedication 376 
DFP (di-isopropylfluorophosphonate) 100 
Diabetes insipidus 406 
Diabetes mellitus 402-405 
B-blockers 135 
blood glucose control 403—404 
complications 404 
concurrent drug therapy 404 
emergency surgery 405 
hyperglycaemia 402 
hypoglycaemia 402 
perioperative management 404—405 
preoperative assessment 403—404 
starvation effects 402—403 
treatment regimens 403—404 
Diabetes mellitus type 1 402 
perioperative management 404—405 
Diabetes mellitus type 2 402 
perioperative management 404 
Diabetic ketoacidosis 405 
Dial thermometers 350 
Diamorphine 77 
excretion 75t 
labour analgesia 708-709 
metabolism 4t, 75t 
orthopaedic surgery postoperative 
analgesia 582t 
spinal anaesthesia 715 
structure 73f 
Diaphragmatic hernia, neonates 748 


Diastolic pressure time index (DPTI) 874 
Diastolic pulmonary arterial pressure 
1005t 
Diathermy 
electrical safety 255, 256f 
ignition sources 261 
operating theatre safety 432 
Diazepam 110-111 
breast-feeding 701 
burns 638 
metabolism 4t 
neonates 700 
paediatric values 1017t 
premedication 374 
Diazoxide 138 
DIC see Disseminated intravascular 
coagulopathy (DIC) 
Diclofenac, paediatric values 1017t 
Diethyl ether 29-30, 1004t 
structure 16f 
Dieticians, ICU 904 
Differential amplification, biological 
electrical signals 319 
Differential nerve blockade, subarachnoid 
block 522 
Difficult airway management 462-496 
ASA guidelines 468, 469t 
children 493-496 
Difficult Airway Society guidelines 468, 
4691, 470f, 471 f, 472f 
extubation see Extubation difficulties 
guidelines 470f, 471f 
human factors 466 
ICU 462 
locations 492—493 
masks 468-469, 473f 
muscle relaxants 467 
post-management 496 
preoperative prediction 369 
preparedness 463—466 
assessment 465—466 
communication 463—465 
equipment 463, 463f 
guidelines 463—465, 464f 
personal preparation 465—466 
strategy planning 465—466 
training 463—465 
teamwork 466 
tracheal tube sizes 467—468 
training 466 
see also Can't intubate, can't ventilate 
(CICV) 
Difficult Airway Society (DAS) 468, 469t, 
470f, A71f, 472f, 491-492, 492f 
Difficult tracheal intubation see Tracheal 
intubation 


Diffusion, gas solubility 251, 251f 
Diffusion defects, hypoxaemia 803 
Diffusion hypoxaemia 803 
Diffusion hypoxia 32 
Digitalis 679 
Digital processing 
clinical data processing 316 
clinical measurement 316-317 
Digitoxin 153-154 
Digoxin 120, 153-154 
anaesthesia interactions 359t 
characteristics 148t 
infusion regimens 1006t 
pharmacology 152t 
Dihydrocodeine 79 
postoperative analgesia 830t 
Di-isopropylfluorophosphonate (DFP) 100 
Diltiazem 141 
anaesthesia interactions 359t 
characteristics 140t, 148t 
clinical effects 139 
pharmacokinetics 140t 
Dilutional hyponatraemia 207 
Dinoprostone 702 
2,3-Diphosphoglycerate (2,3-DPG) 216 
pregnancy 694 
red blood cell storage 230-232 
Dipyridamole 621 
Direct reading non-electrical 
thermometers 349 
Direct tracheal access, can't intubate, can't 
ventilate 481 
Dirt, flowmeters 267 
Disability, post-resuscitation care 962-963 
Discharge, day-case anaesthesia 566, 567t 
Disease, intercurrent see Intercurrent 
disease 
Disopyramide 148¢, 150t 
Display, clinical measurement 314 
Disposable equipment 433 
Disseminated intravascular coagulopathy 
(DIC) 2208, 222, 223t, 225, 226f 
scoring system 227t 
Distribution 
intravenous anaesthetic agents 39—40, 
39f, 40t 
local anaesthetic pharmacokinetics 62 
Diuretics 172-177 
anaesthesia interactions 359t 
classification 173 
loop 174-175 
mechanism of action 172 
osmotic 174 
potassium-sparing 176-177 
preoperative cardiac surgery 679 
sites of action 173f 


thiazide 175-176 
see also specific drugs 
Dobutamine 125 
high-risk patients 512 
infusion regimens 1006t 
Dobutamine stress echocardiography 
(DSE) 365 
Dofetilide 151-153 
Domperidone 849t 
Donnan equilibrium 200-201 
Donor egg retrieval 575 
Do-not-attempt-resuscitation (DNAR) 
decisions 964 
L-Dopa 
anaesthesia interactions 359t 
synthesis 118f 
Dopamine 124, 169-170 
clinical uses 170 
infusion regimens 1006t 
mechanism of action 169 
side effects 170 
synthesis 118f 
Dopamine D, receptor antagonists 849t, 
850-851 
Dopamine receptors 
dopamine 169 
neuroleptics 112 
sympathetic nervous system 119 
Dopexamine 125 
high-risk patients 512 
infusion regimens 1006t 
renal effects 170 
Doppler ultrasound 258 
arterial pressure measurement 323, 
330-331 
cardiac output 331-332, 331f 
motion detection 331-332 
Dornase alfa 167 
Dorsal horn neurones 824, 824f 
Dorsal ramus nerve block 944 
Dose-response curve, agonists 1, 2f 
Double Bohr effect, pregnancy 694 
Double-burst stimulation (DBS), 
neuromuscular blockade 
monitoring 103 
Double Haldane effect 694 
Double-lumen bronchial tubes 663-666, 663f 
clinical assessment 664 
fiberoptic intubating laryngoscope 
664-666, 665f, 666f 
Doxacurium 96 
twitch response 95t 
Doxapram 164 
2,3-DPG see 2,3-Diphosphoglycerate 
(2,3-DPG) 
DPTI (diastolic pressure time index) 874 
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Drager volumeter 334 
Drawover breathing systems 280, 280f 
Drawover vaporizers 248, 268, 269f 
Dronaderone 151-153 
Droperidol 113 
PONV treatment 849t 
Drug(s) 
administration 8—11 
see also specific routes 
early recovery period 795, 796t 
excretion 4-5 
interactions 11—12 
HIV infection 419 
immunosuppression in transplanted 
organ patients 785 
metabolism in liver disease 398 
placental transfer 698 
reactions see Complications during 
anaesthesia 
see also specific drugs 
Drug history 
emergency anaesthesia 751 
history-taking 359-361, 359t 
Drugs of abuse, anaesthesia interactions 
361 
Drug trials, stages of 993, 994t 
DSE (dobutamine stress 
echocardiography) 365 
Dural tap 
caudal anaesthesia complications 534 
epidural block complications 532 
eye anatomy 603f 
Dura mater 641 
Duration of use, vaporizers 248 
DVT see Deep vein thrombosis (DVT) 
Dystrophia myotonica 414 


E 
EAA (essential amino acids) 184, 184t 
Early recovery period see Postoperative care 
Ear, nose and throat surgery see ENT 
surgery 
Eating, surgical postponement 371 
EBP (epidural blood patch) 718 
ECF see Extracellular fluid (ECF) 
ECG see Electrocardiography (ECG) 
Echocardiography 
cardiac surgery monitoring 681 
cardiac surgery preoperative assessment 
678 
ICU monitoring 908 
preoperative assessment 365 
transoesophageal see Transoesophageal 
echocardiography (TOE) 
Echothiophate 100 
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Eclampsia 726 
ECT see Electroconvulsive therapy (ECT) 
Ectopic pregnancy 573-574 
Edrophonium 99, 137 
EEG (electroencephalography), depth of 
anaesthesia 346 
EF (ejection fraction) 1005t 
EFM (electronic fetal monitoring) 703 
Ejection fraction (EF) 1005t 
Elderly 418-419 
day-case anaesthesia 561 
Elective hypotension 647 
Elective intracranial surgery 648-652 
Elective open repair see Abdominal aortic 
aneurysm (AAA) 
Electrical interference, biological electrical 
signals 319-320 
Electrical safety 253-254 
defibrillators 254-255 
diathermy 255, 256f 
isolation circuits 254 
microshock 254 
operating theatre safety 431 
safety testing 254 
Electrical signals, biological see Biological 
electrical signals 
Electric current, SI system 1002t 
Electricity 252-255 
alternating current 253 
injury 886 
potential 253 
resistance 253 
safety see Electrical safety 
SI system 1002t 
units 252-253 
Electrocardiography (ECG) 321-322 
cardiac surgery monitoring 681 
exercise 677 
indications 321 
ischaemic heart disease surgery 379 
lead positions 321, 321f 
preoperative assessment 364t, 365 
pulmonary embolism 815, 815f 
rapid sequence induction of emergency 
anaesthesia 758 
respiratory disease 391 
Electrochemical transducers 320-321 
Electroconvulsive therapy (ECT) 414—415, 
777-778 
drug interactions 415 
Electrode impedance, biological electrical 
signals 320 
Electroencephalography (EEG), depth of 
anaesthesia 346 
Electrolyte(s) 199-215 
depletion in gastrointestinal disease 396 


non-depolarizing neuromuscular 
blocking agents 98 
paediatric values 1017 
preoperative assessment 364t, 679 
renal disease 399—400 
see also specific electrolytes 
Electromyography (EMG) 
neuromuscular blockade monitoring 
101, 102f 
orthopaedic surgery 585 
Electronic fetal monitoring (EFM) 703 
Electrophysiology, bariatric patients 555 
Elimination half-life (t12) 
calculation 6-7 
pharmacokinetics 4¢, 6 
Emboli 875-876 
Emergence from anaesthesia 461 
etomidate 49 
Emergencies, consent 426 
Emergency airway techniques 481—484 
cricothyroidectomy devices 483—484 
devices 481—484 
see also specific devices 
narrow-bore cannula 483—484 
narrow bore cannula with high pressure 
source ventilation 481, 481f, 482f 
obstruction see Obstructed airway 
management 
surgical airway 482—483 
wide bore cannula 482, 482f 
wide-bore cannula 484 
Emergency anaesthesia 751-768 
awareness 876-877 
fluid management 761 
full stomach 755-757 
induction 757-760 
inhalational induction 759-760 
rapid sequence induction 757-759 
regional anaesthesia 760 
maintenance 760-761 
postoperative management 762 
preoperative assessment 751-755 
airway evaluation 753 
circulating volume assessment 753-755 
drug history 751 
extracellular volume deficit 754-755, 
755t 
intravascular volume deficit 753—754, 
754t 
laboratory investigations 753 
medical history 751 
metabolic equivalents 751, 753t 
National Confidential Enquiry into 
Patient Outcomes and Death 
751, 752t 
physical examination 751-753 


preparation 757 
reversal 761-762 
techniques 757-762 
see also specific techniques 
see also Pre-hospital environment 
Emergency Caesarean section 716-717 
Emergency elective open abdominal aortic 
aneurysm repair 624 
Emergency laparotomy 762 
Emergency oxygen bypass control 438 
Emergency surgery, diabetes mellitus 405 
EMG see Electromyography (EMG) 
EMLA (eutectic mixture of local 
anaesthesia) 548-549 
neonates 741 
EMO (extracorporeal membrane 
oxygenation) 914 
Empyema 670 
Enalapril 144t, 359t 
Enantiomers, local anaesthetics 63, 63t 
End-diastolic right ventricular pressure 1005t 
Endocardial viability ratio (EVR) 874 
Endocrine disorders 405—409 
tumour surgery 629-633 
see also specific diseases/disorders 
Endocrine system 
propofol 47 
tumour surgery see specific tumours 
Endogenous catecholamines 123-124 
Endoscopy 
rigid 591-592, 592f 
spinal, chronic pain management 944 
transcervical 570 
Endothelial factors, eclampsia/ 
pre-eclampsia 726 
Endothelin receptor antagonists, 
pulmonary vasculature 163 
Endovascular aortic aneurysm (EVAR) 
repair 624—625 
End-plate potential 89 
Energy 237, 237t 
Enflurane 28-29, 1004t 
cardiac output 18f 
cardiovascular system 20f 
characteristics 15t 
mean arterial pressure 19f 
respiratory system 18f 
structure 16f 
systemic effects 27t 
systemic vascular resistance 19f 
uptake 17f 
Enteral feeding, ICU 918 
Entonox 239 
general anaesthesia in Caesarean section 
721-722 
labour analgesia 709 


Entonox cylinders 
colour coding 265t 
sizes 265t 
Entry validation, clinical trials 993 
ENT surgery 590-595 
emergencies 594—595 
shared airway 590, 590t 
see also specific surgical operations 
Environment 
nitrous oxide side-effects 33 
pre-hospital environment 780 
Enzymes 
drug action 2 
drug metabolism 4 
Eosinophils 217 
Ephedrine 126 
Epidural abscess 837-838 
postoperative epidural block 
complications 533 
regional anaesthesia in labour 719 
Epidural analgesia 703, 709-714 
conduct of 711-712, 711f 
contraindications 709-710 
indications 709 
maintenance 713-714 
management 713-714 
monitoring 713 
pre-eclampsia 727 
preparation 710 
problems 714 
test dose 712 
Epidural block 
advantages 837 
agents 532 
anticoagulants 533-534 
Caesarean section, emergency 716 
Caesarian section 715-716 
catheter insertion 531 
complications 532-533, 837 
contraindications 524 
duration, factors affecting 532 
elective open abdominal aortic 
aneurysm repair 623 
equipment 529 
indications 524 
onset, factors affecting 531 
orthopaedic surgery 584 
performance 529-533 
phaeochromocytoma surgery 
632-633 
physiological effects 523 
postoperative 533, 836-838 
opioids 839 
single-dose technique 531 
spread, factors affecting 531 
stress response 191 


subarachnoid block vs. 530t 
technique 530-531, 531f 
Epidural blood patch (EBP) 718 
Epidural catheter 718 
Epidural drug administration 11 
Epidural haematoma 837-838 
postoperative epidural block 
complications 533 
regional anaesthesia in labour 719 
Epidural opioids, postoperative analgesia 
839 
Epidural space, pregnancy 696-697, 696f, 697f 
Epidural steroids, chronic pain 
management 944 
Epiglottitis 595 
Epilepsy 410-411 
Epinephrine see Adrenaline (epinephrine) 
Epistaxis 594-595 
Epoprostenol 164 
Eprosartan 145t 
Equipment 
early recovery period 795-797 
failure 853 
malfunction 880 
remote hospital locations 769 
temperature measurement 350 
Equipment checks 435—440 
airway equipment 439 
alternative breathing systems 438 
ancillary equipment 439-440 
Association of Anaesthetists of Great 
Britain and Ireland 436t, 437t 
audit 440 
breathing system 4371, 438 
carbon dioxide absorbers 438 
gas outlets 438 
manufacturer's machine check 435 
medical gas supplies 437-438 
power supply 435-436 
recording 440 
recovery 440 
resuscitation equipment 439-440 
scavenging 439 
shared responsibility equipment 440 
single-use devices 439 
suction 437 
total intravenous anaesthesia 439 
two-bag test 439 
vaporizers 438 
ventilators 435, 438—439 
Equipment problems, local anaesthetics 516 
Ergometrine 702 
ERPC (evacuation of retained products of 
conception) 575 
ERPC (extraction of retained products of 
conception) 729 
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Errors 
definitions 888b 
generation, quality and safety 887-892 
Erythrocytes see Red blood cells (RBCs/ 
erythrocytes) 
Erythrocyte sedimentation rate (ESR) 
1010t 
Erythropoietin 178 
Esmolol 135 
infusion regimens 1006t 
ischaemic heart disease surgery 386 
pharmacology 132t 
Essential amino acids (EAAs) 184, 184t 
Essential hypertension 176 
Essential tremor, B-blockers 134 
Etamsylate 224t 
Ether, fires 260 
Ethical issues 
clinical trials 991-992 
ICU 927 
Ethyl chloride 1004t 
Etomidate 48—49 
adverse reactions 55t 
intravenous induction 446t 
pain on injection 44t 
properties 38t 
EuroSCORE 680-681, 682f 
Eutectic mixture of local anaesthesia see 
EMLA (eutectic mixture of local 
anaesthesia) 
Evacuation of retained products of 
conception (ERPC) 575 
EVAR (endovascular aortic aneurysm) 
repair 624—625 
Evidence, clinical trials 991 
Evidence-based practice, chronic pain 
management 946 
EVR (endocardial viability ratio) 874 
Examination see Physical examination 
Excitation, lasers 259 
Excitatory phenomena 
etomidate 49 
propofol adverse effects 47 
Excitement stage (stage 2), inhalational 
anaesthesia signs 448 
Exclusion bias 978 
Execution failures 888 
Exercise electrocardiography 677 
Exercise testing 
high-risk patient identification 500 
see also Cardio-pulmonary exercise 
testing (CPET) 
Exomphalos 748 
Experience, complications of anaesthesia 
854 
Experiential learning 967 
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Expiration, ventilators 288 
Expiration—inspiration change, ventilators 
288 
Explosions 260-261 
operating theatre safety 431—432 
Expulsive haemorrhage, intraocular 
surgery 604 
External intercostalis muscle 542f 
Extracellular fluid (ECF) 
definition 199-200 
solute concentration 200-201 
Extracellular fluid volume (EFV) 200 
Extracellular pH 39 
Extracellular volume deficit, emergency 
anaesthesia 754—755, 755t 
Extraconal (peribulbar) block 608 
Extracorporeal membrane oxygenation 
(EMO) 914 
Extraction of retained products of 
conception (ERPC) 729 
Extraocular muscle malfunction 616 
Extremities, pre-hospital environment 781 
Extrinsic pathway, blood coagulation 217 
Extubation, trachea see Tracheal extubation 
Extubation difficulties 490—492 
airway exchange catheters 491 
blood aspiration 491 
DAS guidelines 491—492 
leak tests 490-491 
pre-oxygenation 490 
risk factors 490 
tracheal obstruction 491 
Eye 601-604 
anatomy 603f 
nerve blocks 608-610, 608f, 609f 
blood flow 604, 604f 
intraocular pressure see Intraocular 
pressure (IOP) 
ketamine 50 
thiopental sodium 42 
see also Ophthalmic anaesthesia 


F 
Face masks 307-308, 308f 
can't intubate, can't ventilate 480 
inhalational anaesthesia 450 
Facial nerve (VII) 608—609 
Facial trauma/fractures 596—597 
major trauma anaesthesia 764 
Failed tracheal intubation 861-862 
Failure modes and effects analysis 901 
Familial periodic paralysis 413 
Family history 359 
Fascia iliaca block 746 
Fast Fourier analysis, EEG 346-347 


Fasting, preoperative see Preoperative 
fasting 
Fasting glucose 1007t 
Fat metabolism, stress response 189 
Fatty acids 185 
polyunsaturated 185 
Feasibility, clinical measurement 312 
Feedback, quality and safety 900 
Feeding, labour 706-707 
Fellowship of the Faculty of Pain Medicine 
of the Royal College of Anaesthetists 
(FEPMRCA) 969-970 
Fellowship of the Royal College of 
Anaesthetists (FRCA) 970 
Felodipine 141 
characteristics 140t 
pharmacokinetics 140t 
Femoral artery 546f 
Femoral nerve 546f 
Femoral nerve block 545, 546f 
postoperative 838 
Femoral venous catheters 326 
Fenestrated tracheostomy tubes 303 
Fenoldopam 170 
Fentanyl 78 
cardiac surgery 683 
characteristics 834t 
chronic pain management 939 
doses 70t 
emergency anaesthesia maintenance 761 
epidural block, Caesarian section 716 
metabolism and excretion 75t 
orthopaedic surgery postoperative 
analgesia 582t 
paediatric values 1017t 
patient-controlled analgesia 833 
pharmacokinetic and physicochemical 
properties 76t 
spinal anaesthesia 715 
structure 74f 
transmucosal 834 
Fetal haemoglobin (fHB) 733, 733f 
Fetus, drug effects 699 
FEV, see Forced expiratory volume in 1s 
(FEV,) 
FFAs (free fatty acids) 186 
FFP see Fresh frozen plasma (FFP) 
FFPMRCA (Fellowship of the Faculty of 
Pain Medicine of the Royal College of 
Anaesthetists) 969-970 
Fiberoptic bronchoscopes 297-299, 298f, 
299f 
failed tracheal intubation 862 
Fiberoptic laryngoscopes 297-299, 298f, 299f 
double-lumen bronchial tubes 664—666, 
665f, 666f 


Fibreoptic oesophago-gastroduodenoscopy 
668 
Fibrillation, atrial see Atrial fibrillation 
Fibrinogen 1007t 
Fibrinogen assay 219 
blood clotting measurement 350-351 
Fibrinolytic drugs 224t 
Fick principle 328-329 
Filling ratio, gases 239 
Filters, CPB 677 
Fires 260-261 
combustion support 261 
oxygen adverse effects 33 
First-generation calcium channel blockers 
139-141, 140t 
First-pass effect, oral drug administration 9 
Fixed orifice flowmeters 336-337 
Fixed performance devices, oxygen therapy 
807-808, 807f, 808f 
Flecainide 151 
characteristics 148t 
pharmacology 150t 
Flexible metal tracheal tubes 301, 302f 
Flow, vaporizers 248-249 
Flowmeters 
anaesthetic machine 267—268, 267f, 271 
constant pressure 335-336 
equipment checks 437—438 
fixed orifice 336-337 
variable orifice 335-336 
variable pressure change 336-337 
Flow restrictors 
anaesthetic machine safety features 271 
pressure regulators 266 
Fluid(s), physics of 237-241 
Fluid balance 199-215, 1011-1013 
abnormal losses 202-203 
burn anaesthesia 638 
existing deficits 203 
ICU 919-920 
ischaemic heart disease surgery 385 
laboratory assessment 203 
liver disease 397 
maintenance needs 202 
neonates 733—734, 733t, 734t 
paediatric values 1017 
perioperative therapy see Perioperative 
fluid therapy 
practicalities 201-204, 202t 
renal disease 399 
sodium balance 204 
total body water compartmentalization 
200, 200f 
water homeostasis 201, 201f 
see also Fluid replacement therapy; 
specific compartments 


Fluid depletion, gastrointestinal 
disease 396 
Fluid flow 243-244 
laminar flow 243, 243f 
Newtonian fluids 243 
turbulent flow 243-244, 244f 
viscosity 243 
Fluid prime, CPB 677 
Fluid replacement therapy 
angiography 775 
burns 636—637, 637t 
emergency anaesthesia maintenance 761 
head trauma 655-656 
high-risk patient perioperative 
management 509-511, 509f 
major trauma anaesthesia 764 
neonates 734-735 
neurological anaesthesia 646, 648 
perioperative therapy see Perioperative 
fluid therapy 
renal failure 204 
see also specific types 
Fluid requirements, paediatric values 1017t 
Flumenazil 111-112 
Fluorinated inhalation agents 168 
Flurexene 1004t 
Flutter, atrial see Atrial flutter 
Folate 1007t 
Follow-up clinics, ICU 930 
Follow-up completeness, clinical trials 993 
Force 237, 237t 
SI system 1002t 
Forced air warming systems 
hypothermia avoidance 197 
neonates 735 
Forced expiratory volume in 1s (FEV, ) 
preoperative assessment 365 
respiratory disease 391-392 
thoracic surgery investigations 658 
Forced vital capacity (FVC) 
preoperative assessment 365 
respiratory disease 391-392 
thoracic surgery investigations 658 
Forceps delivery 
labour 717 
post-delivery analgesia 717 
Fosaprepitant 849t 
Fournier's gangrene 576 
Four-twitch stimuli, depolarizing 
neuromuscular blocking agents 93, 93f 
Framing the question, clinical trials 991 
FRC see Functional residual capacity (FRC) 
FRCA (Fellowship of the Royal College of 
Anaesthetists) 970 
Free fatty acids (FFAs) 186 
Frequency response 


biological electrical signals 315 
continuous clinical measurement 315 
Fresh frozen plasma (FFP) 231t 
ABO grouping 232 
haemorrhage 234 
massive transfusions 767-768 
Frontal vein 609f 
Fuel cells 338, 342 
Fuels, fires 260-261 
Full blood count (FBC) 363—364, 364t 
Full stomach, emergency anaesthesia see 
Emergency anaesthesia 
Functional capacity, high-risk patient 
identification 500 
Functional disability assessment 927 
Functional residual capacity (FRC) 
obesity 553, 553f 
pneumoperitoneum 569 
post-surgery 803-804, 804f 
pregnancy 694, 694t 
stress response 189 
Functional spirometry, obesity 552, 553f 
Furosemide 174-175 
acute kidney injury 177 
Futility, mortality in ICU 928-929 
FVC see Forced vital capacity (FVC) 


G 
GABA, receptors 
benzodiazepines 108 
intravenous anaesthetic agents 37-38 
Gabapentin 841 
GABA receptors, benzodiazepines 108 
Gadolinium-based contrast agents 774 
Gag reflex, vomiting centre stimulation 845 
Gain stability, continuous clinical 
measurement 315 
GALA trial 628 
Gallamine 95 
twitch response 95t 
Galvanic cells, oxygen tension 
measurement 342 
y-Glutamy] transpeptidase 1007t 
Ganglion-blocking drugs 129 
Gas(es) 
anaesthetic see Anaesthetic gases 
critical temperature 239 
filling ratio 239 
physics 238-241 
see also specific gases 
Gas analysis 337-341 
blood gases see Blood gas analysis 
chemical methods 337 
interference refractometers 338 
non-specific methods 338 
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physical methods 337 
refractive index 338 
thermal conductivity 338 
Gas cylinders 264-266 
colour-coding 264, 265, 265t 
pin index system 264 
sizes 264, 265t 
testing 264 
Gas emboli 875-876 
Gas flow measurement 333, 333f, 335-337 
Bourdon gauge flowmeter 336 
hot wire flowmeters 337 
peak flowmeters 336 
pneumotachograph 336-337 
rotameters 336, 336f 
ultrasonic flowmeters 337 
variable orifice flowmeters 335-336 
variable pressure change flowmeters 
336-337 
volume measurement vs 334-335 
volume-time methods 335 
Gas flows 1018 
Gas laws 238 
clinical application 239 
see also specific laws 
Gas-liquid chromatography 
anaesthetic gas measurement 340-341 
carbon dioxide measurement 340-341 
Gas meters, gas volume measurement 334 
Gas outlets, equipment checks 438 
Gas regulators 241-244 
pressure demand regulators 242, 242f 
pressure-reducing vales 241-242, 242f 
pressure relief valves 241, 241f 
Gas solubility 250-252 
diffusion 251, 251f 
osmosis 251-252, 252f 
solubility coefficients 251 
Gas supplies 262-264 
anaesthetic bulk supply 262 
anaesthetic machine 266 
bulk store 262-263 
terminal outlets 264 
Gas transport, placenta 698 
Gastrectomy, sleeve 558 
Gastric aspiration 376t, 863 
Gastric banding 558-559 
Gastric emptying 756-757 
oral drug administration 9 
Gastric pH elevation 374 
Gastric volume reduction 374 
Gastrointestinal disease 396-397 
electrolyte depletion 396 
fluid depletion 396 
malnutrition 396 
see also specific diseases/disorders 
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Gastrointestinal reflux 396-397 
Gastrointestinal system 
cyclo-oxygenase-2 inhibitors 85 
diethyl ether 29 
disease see Gastrointestinal disease 
dystrophia myotonica 414 
early recovery period 795 
halothane 25 
ICU see Intensive care unit (ICU) 
ICU admission 906 
ketamine 50 
NSAIDs 84 
opioids 72 
Parkinson's disease 411 
porphyrias 420 
pregnancy 695 
propofol 46 
stress response 189 
subarachnoid block effects 523 
vomiting centre stimulation 844 
Gastro-oesophageal reflux 557 
Gastroschisis 748 
Gas volume measurement 334-335 
Gaussian distributions 976, 977f 
Gay-Lussac's law 238 
Gelatin 1005t 
Gender 
intravenous anaesthetic agent adverse 
reactions 54 
postoperative analgesia 827 
General anaesthesia 
burns 635 
Caesarean section 721-722 
carotid artery surgery 627—628, 627t 
CT 771 
day-case anaesthesia 564-565 
definition 106t 
dental anaesthesia 599 
difficult tracheal intubation 457 
epistaxis 594-595 
HIV infection 419 
knee replacement 587 
labour 720-722, 721t 
local anaesthetics vs. 514 
nasal/sinus surgery 593 
ophthalmic anaesthesia see Ophthalmic 
anaesthesia 
orthopaedic surgery 580 
with paediatric regional anaesthesia 745 
Parkinson's disease 411—412 
radiotherapy 776-777 
sedation supplementation 106—107 
stress response 190-191 
tracheal intubation 860 
Genitourinary surgery 568-577 
see also Gynaecological surgery 


Geometric mean (GM) 975 
GER see Glomerular filtration rate (GFR) 
GIIb/II]a inhibitors 228 
Glasgow Coma Scale (GCS) 647—648, 648t 
Glass pH electrode 341, 341f 
Glaucoma surgery 618 
Glidescope 489 
Gliomas 648 
Globe damage 615, 615f 
Globulins, drug binding 3—4 
Glomerular filtration rate (GFR) 
neonates 733-734 
pregnancy 694 
renal disease 399 
Gloves, infection safety measures 433 
Glucagon 127 
Glucocorticoids 849t 
Gluconeogenesis 182 
Glucose 
blood see Blood glucose 
chemical pathology 1007t 
diabetes mellitus perioperative 
management 404 
disorders see Hyperglycaemia; 
Hypoglycaemia 
fasting 1007t 
metabolism 183f 
postprandial 1007t 
post-resuscitation care 962 
Glutathione-S-transferase (GST) 25 
Glyceryl trinitrate (GTN) 137 
infusion regimens 1006t 
in pregnancy 702 
Glycolysis 
aerobic 180-181 
anaerobic see Anaerobic glycolysis 
Glycolytic pathway 181, 182f 
Glycopyrrolate see Glycopyrronium 
bromide (glycopyrrolate) 
Glycopyrronium bromide (glycopyrrolate) 
136 
paediatric values 1017t 
premedication 374 
GM (geometric mean) 975 
Goitre 406 
Goldenhar syndrome 493 
Granisetron 849t 
Greases, fires 260 
Great auricular nerve block 746 
GST (glutathione-S-transferase) 25 
GTN see Glyceryl trinitrate (GTN) 
Guanethidine 
anaesthesia interactions 359t 
chronic pain management 945 
Guedel airways 309, 309f 
neonates 742—743 


Guillain-Barré syndrome (acute 
demyelinating polyneuropathy) 412 
Gynaecological surgery 568-577 
laparoscopy 569-570 
perioperative infections 572 
positioning 568-569 
regional anaesthesia 571-572 
subarachnoid block 524 
see also Genitourinary surgery; Obstetric 
anaesthesia; specific types of surgery 


H 
HAD (Hospital Anxiety and Depression 
scale) 936 
Haematological disorders 216-235 
haemoglobinopathies 219-228 
malignancies 229 
see also specific diseases/disorders 
Haematological system 
cyclo-oxygenase-2 inhibitors 85 
eclampsia/pre-eclampsia 726 
pregnancy 6921, 695-696 
renal disease 400—401 
Haematology 1009-1011 
cardiac surgery monitoring 682 
respiratory disease 391 
Haematoma 
epidural see Epidural haematoma 
regional anaesthesia complications 883 
Haemodynamic changes, pregnancy 
691-693, 692f, 692t 
Haemoglobin 216 
normal values 1009t 
red blood cell storage 232 
Haemoglobinopathies 219-228 
see also specific diseases/disorders 
Haemolytic transfusion reactions 233t 
Haemophilia A 222 
Haemophilia B 222 
Haemopoiesis depression, oxygen adverse 
effects 34 
Haemorrhage 234-235 
antepartum 722-723 
cardiac surgery 688 
CPB 687 
intracerebral 649 
obstetric anaesthesia emergencies 
722-724 
orbital 613—614, 614f 
plastic surgery 633—634 
postpartum 723 
regional anaesthesia in labour 719 
tonsils 594 
HAFOE (high air flow oxygen enrichment) 
devices 807, 807f, 808f 


Hagen-Poiseuille formula 244 
laminar flow 243 
venturi 245, 245f 
Hair hygrometer 250 
HAIs (healthcare-associated infections) 
925-926 
see also specific infections 
Haloperidol 113 
Halothane 23-26, 1004t 
associated hepatic dysfunction 25-26 
carbon dioxide absorbers 27 
cardiac output 18f 
cardiovascular system 20f, 24-25, 26 
central nervous system 25, 26 
characteristics 15t 
distribution 23-24 
gastrointestinal tract 25 
mean arterial pressure 19f 
metabolism 24, 27 
neonates 737-738 
neuromuscular junctions 26-27 
pharmacokinetics 26 
postoperative hepatic dysfunction 817-818 
prevalence of use 15 
recovery from 17f 
respiratory system 18f, 24, 26 
skeletal muscle 25 
structure 16f 
systemic effects 27t 
systemic vascular resistance 19f 
uptake 17f, 23-24 
uterus 25, 27 
volatility 271 
Hand hygiene 434 
Handles, laryngoscopes 296, 296f, 297f 
Handover, early recovery period 795 
Handwashing techniques 434 
Harmonic mean (HM) 975 
HAS see Human albumin solution (HAS) 
HBOT (hyperbaric oxygen therapy) 165 
HDLs (high-density lipoproteins) 186 
HDUs see High-dependency units (HDUs) 
Headache 
epidural block complications 533 
postoperative care 529, 819 
Head and neck 
cancer surgery 597-599, 597f 
plastic surgery 634 
trauma see Head trauma 
Head-elevating laryngoscopy position 
devices 310, 311f 
Head movement, difficult tracheal 
intubation 454 
Head trauma 
fluid therapy 655-656 
high-dependency unit 656 


ICP monitoring 655 
intensive care 655-656 
management 654—655 
neurological assessment 655 
nutrition 655—656 
sedation 655-656 
ventilation 655 
Healthcare-associated infections (HAIs) 
434, 925-926 
see also specific infections 
Heart block 
CPB 687-688 
ventricular arrhythmias 873 
Heart failure, preoperative therapy 383 
Heart rate 
complications during anaesthesia 871-873 
inhalational anaesthetic agents 21f, 27t 
neonates 732, 732t 
pregnancy 691, 692f 
rapid sequence induction of emergency 
anaesthesia 758 
Heart transplants 790-791 
Heat 246-247 
Heat balance 191-193, 192f 
Heat loss 
greater than heat production 
(phase 2) 196 
neonates 735 
thermoregulation 192 
Heidbrink valve 241 
Helium 35-36 
Helium cylinders 265-266 
colour coding 265t 
sizes 265t 
Helmstein's procedure 576-577 
Henderson—Hasselbach equation 57 
buffer systems 210 
Henry's law 250-251 
Heparin 384 
Heparin-induced thrombocytopaenia 
(HIT) 228 
Heparinized blood 1005t 
Hepatic artery thrombosis, liver 
transplants 790 
Hepatitis B 433 
Hepatitis C 433 
Hepatitis D 433 
Hepatorenal function 
propofol 47 
thiopental sodium 42 
Hepatorenal syndrome 397-398 
Herbal remedies, anaesthesia interactions 
361 
Hereditary ataxias 412—413 
Hernia, diaphragmatic 748 
Hiccups 863 
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High air flow oxygen enrichment 
(HAFOE) devices 807, 807f, 808f 
High-concentration oxygen therapy 165 
High-density lipoproteins (HDLs) 186 
High-dependency units (HDUs) 
definition 902 
head trauma 656 
high-risk patient identification 505 
high-risk patient postoperative 
management 511 
operating theatres 441 
see also Intensive care unit (ICU) 
High-frequency oscillations, mechanical 
ventilation 914 
High-frequency ventilation 290, 290t 
High-quality cardiopulmonary 
resuscitation 950 
High-risk patients 
early recovery period 796 
identification 498 
for postoperative care 505 
inotropic support 512-513 
ketamine 51 
laboratory risk assessment 499-502 
anaerobic threshold 501, 501f 
cardio-pulmonary exercise testing 
500-502 
exercise testing 500 
functional capacity 500 
myocardial dysfunction 502 
plasma biomarkers 499-500 
resting echocardiography 500 
stress echocardiography 500 
ventilatory efficiency 501-502 
perioperative management 506-511 
anaesthetic choice 506 
fluid therapy 509-511, 509f 
oxygen consumption 506 
oxygen delivery 506, 507-508 
stroke volume 506-507, 507f, 
508-509, 508f, 510 
postoperative management 511-512 
prediction scoring systems 498-499 
see also specific systems 
preoperative interventions 504-505, 505f 
risk reduction 502-503 
surgical alternatives 503 
High-risk surgery 497-513 
definition 497 
Hill plots 2 
Hip replacement revision 587 
Hip resurfacing arthroplasty 587 
Histamine 
airway calibre 155-156 
intravenous induction complications 446 
non-immunological release 881 
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Histaminergic receptors 112 
History-taking 
asthma surgery 393 
ICU admission 906 
ischaemic heart disease 379 
obstructed airway management 486 
preoperative assessment see Preoperative 
assessment 
respiratory disease 391 
thoracic surgery 657—658 
HIT (heparin-induced 
thrombocytopaenia) 228 
HIV infection 419 
safety measures 433 
HM (harmonic mean) 975 
Hoarseness 819 
HOCM (hypertrophic cardiomyopathy) 
390-391 
Honesty 889 
Hormone production, 
placenta 698 
Hospital-acquired infections (HAIs) 434, 
925-926 
Hospital Anxiety and Depression scale 
(HAD) 936 
Hot water bath humidifier 250 
Hot wire flowmeters 337 
HPV (hypoxaemic pulmonary 
vasoconstriction) 667 
5-HT, antagonists see Serotonin 5-HT, 
antagonists 
Human albumin solution (HAS) 231t 
ionic content 1005t 
Human factors 
difficult airway management 466 
errors in anaesthesia 853 
quality and safety checklists 897 
Human volunteer studies, local anaesthetic 
toxicity 64 
Humidification 250 
Humidifiers 
condenser 250 
hot water bath 250 
ventilators 285-286 
Humidity 250 
operating theatres 430—431 
Humility 889 
Huntington's chorea 413 
Hyaluronidase 612-613 
Hydralazine 138 
Hydrochlorothiazide 175-176 
Hydrogen ions, pH conversion 
to 1009 
Hydromorphone 77 
chronic pain management 939 
doses 70t 


patient-controlled analgesia 833 
structure 73f 
Hydrothorax 802 
Hydroxybutyrate dehydrogenase (HBD) 
1007t 
Hygrometer, wet and dry bulb 250 
Hyoscine 136 
paediatric values 1017 
PONV treatment 849t 
premedication 374-375 
Hyperalgesia 934 
pain physiology 824 
referred 934 
visceral 934 
viscero-visceral 934 
Hyperbaric oxygen therapy (HBOT) 165 
Hypercapnia 
complications during anaesthesia 
865-866 
postoperative care 798t 
Hyperglycaemia 
diabetes mellitus 402 
postoperative care 797 
stress response 189 
Hyperkalaemia 208-209 
ACE inhibitors 144 
cardiac arrest 955 
causes 209t 
muscle innervation 409-410 
renal disease 400 
suxamethonium side effects 92—93 
treatment 209t 
Hypernatraemia 204—206, 204t 
consequences 205 
neonates 734 
treatment 205-206 
Hyperpyrexia 962 
Hypersensitivity 
complications during anaesthesia 
880-882 
type 1 881 
type 154 
see also Allergic reactions 
Hypertension 
ACE inhibitors 143-144 
B-blockers 131 
complications during anaesthesia 
867-868, 868t 
early recovery period 794 
essential 176 
hypotension 811 
preoperative therapy 382-383 
progesterone 696 
renal disease 400 
Hyperthermia 
CNS damage 923 


complications during anaesthesia 879-880 
malignant see Malignant hyperthermia 
(MH) 
Hypertonic dehydration, hypernatraemia 
205 
Hypertonic saline 167 
Hypertrophic cardiomyopathy (HOCM) 
390-391 
Hypocalcaemia, cardiac arrest 955 
Hypocapnia, complications during 
anaesthesia 866 
Hypochromic anaemia, microcytic 219 
Hypoglycaemia 
diabetes mellitus 402 
postoperative care 797 
Hypokalaemia 208, 208t 
burns 636 
cardiac arrest 955 
Hyponatraemia 206-208 
associated drugs 207t 
causes 206-207, 206f 
consequences 207t 
depletional 207 
dilutional 207 
normovolaemic 207 
renal disease 399—400 
treatment 208 
Hypoosmolar syndrome 797 
Hypophysectomy 650 
Hypopituitarism (Simmond's disease) 406 
Hypotension 
during anaesthesia 868-870, 869t 
halothane 24 
local anaesthetics 515-516 
major trauma anaesthesia 767, 767t 
regional anaesthesia 719, 883 
subarachnoid block 523, 528-529, 528t 
thiopental sodium 43 
elective 647 
hypoxaemia 864 
Hypotensive anaesthesia, orthopaedic 
surgery 586 
Hypothalamus 640 
Hypothermia 643 
cardiac arrest 955 
complications during anaesthesia 878 
consequences 196 
ischaemic heart disease surgery 385 
neonates 735 
opioid pharmacokinetics 75 
orthopaedic surgery prophylaxis 583-584 
prevention 196-197, 197t 
stages 194-196, 195f 
therapeutic 962-963, 964 
thoracic surgery postoperative care 672 
Hypothyroidism 407 


Hypotonic irrigating solution 570 
Hypoventilation 
early recovery period 795 
hypoxaemia 803, 864 
postoperative care see Postoperative care 
Hypovolaemia 
cardiac arrest 955 
complications during anaesthesia 870, 870t 
elective open abdominal aortic 
aneurysm repair 624 
emergency anaesthesia 764 
hypotension 810 
postoperative care 798t 
thiazide diuretics 176 
Hypoxaemia 
bronchospasm 858-859 
complications during anaesthesia 
863-865, 864t 
diffusion 803 
lateral thoracotomy 667 
Hypoxaemic pulmonary vasoconstriction 
(HPV) 667 
Hypoxia 
cardiac arrest 955 
diffusion 32 
Hysterectomy 573 
vaginal 573 
Wertheim's 571-572 
Hysteresis 315 


I 
ICDs (implantable cardioverter 
defibrillators) 389 
ICF see Intracellular fluid (ICF) 
ICP see Intracranial pressure (ICP) 
ICS (intracoronary stenting) 380 
ICS (intraoperative cell salvage) 234-235 
ICU see Intensive care unit (ICU) 
Identity, patient transfer 429 
Idiosyncratic reactions, B-blockers 135 
IFV (intracellular fluid volume) 200 
I-gel supraglottic device 305-306, 306f 
Ignition sources, fires 261 
Ileal conduits, cystectomy 573 
Iliohypogastric block 543 
paediatric regional anaesthesia 745-746 
Ilio-inguinal block 543 
paediatric regional anaesthesia 745-746 
ILMA see Intubating laryngeal mask airway 
(ILMA) 
Iloprost 163 
Imaging 
cardiac surgery preoperative 
assessment 679 
local anaesthetics 67 


post-resuscitation care 963 
see also specific methods 
Immobile needle technique, local 
anaesthetics 519 
Immunology 
eclampsia/pre-eclampsia 726 
placenta 698 
stress response 190 
Immunosuppression 
anaesthesia in transplanted organ 
patients 785 
orthopaedic surgery 580 
renal transplantation 178 
rheumatoid arthritis 416 
transplanted organ patients 784—785, 786t 
Impedance threshold devices, CPR 958 
Implantable cardioverter defibrillators 
(ICDs) 389 
Implied consent 422 
Inadequate resuscitation, surgical 
postponement 371 
Incidence 990 
Incidents, quality and safety 899 
Inclusion bias 978 
Indicator dilution, arterial pressure 
measurement 329, 329f 
Indomethacin, in pregnancy 703 
Induction of anaesthesia 444—446 
cardiac surgery 683-684 
emergency anaesthesia see Emergency 
anaesthesia 
inhalational induction 444—445, 445t 
intraocular pressure effects 605 
intravenous induction 445—446, 446t 
neonates 742-744 
neurological anaesthesia 644-645 
ophthalmic general anaesthesia 606 
propofol 48 
thoracic surgery 661—667 
Induction therapies, immunosuppression 
in transplanted organ patients 785 
Infections 
diabetes mellitus complications 404 
intermittent 52 
liver disease 398 
operating theatre safety 433-434 
perioperative 572 
post-surgery functional residual 
capacity 804 
premedication 376t 
regional anaesthesia complications 883 
transplanted organ patients 786t 
anaesthesia 786-787 
immunosuppression 785 
treatment in asthma surgery 394 
see also specific infections 
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Infective endocarditis 390 
Inferior oblique muscle 609f 
Inferior rectus muscle 609f, 610f 
Inferior tarsus 610f 
Inferotemporal peribulbar block 611, 612f 
Inflatable cuffs, tracheal tubes 452 
Inflatable cuirass ventilators 285 
Information 
consent see Consent 
written 424 
Informed consent see Consent 
Infraclavicular block 540 
Infrared thermometers 349 
Infusion, intravenous drug administration 
10, 10f 
Infusion devices, alarms 353 
Inguinal hernia repair, neonates 747 
Inhalation agents 
administration 11 
fluorinated 168 
postoperative opioids 835 
Inhalational anaesthesia 448—451, 1004t 
agents 14-36 
airway maintenance 450—451 
see also Face masks; Laryngeal mask 
airway (LMA); Tracheal intubation 
bariatric patients 557 
carbon dioxide absorbers 27 
cardiac output 18f 
cardiovascular system 18f, 19f, 20f, 26 
central nervous system 26, 27t 
complications 449-450 
conduct 448 
delivery 450-451 
difficult tracheal intubation 457 
heart rate 21f 
ideal properties 14-15 
induction see Inhalational induction 
liver 27t 
mean arterial pressure 19f 
mechanisms of action 15 
metabolism 27 
Minimum Alveolar Concentration 
14-15, 15t, 448 
musculoskeletal system 27t 
neonates 699, 737—738 
neurological anaesthesia induction 
644—645 
neuromuscular junction 26-27 
pharmacokinetics 26 
renal system 27t 
respiratory system 18f, 26, 27t 
signs of anaesthesia 448-449, 449f 
structure 16f 
systemic effects 27t 
vascular resistance 19f 
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Inhalational anaesthesia (Continued) 
tracheal intubation 452 
uterus 27 
see also Anaesthetic gases 
Inhalational analgesia 
labour analgesia 709 
pre-hospital environment 781 
Inhalational induction 444—445, 445t 
children difficult airway management 494 
emergency anaesthesia 759-760 
neonates 742 
tracheal intubation 861 
upper airway obstruction 486—487 
Inhaled foreign bodies, children 494—496 
In-hospital cardiac arrest 
epidemiology 948 
prevention 949-950 
Injection speed, intravenous anaesthetic 
agents 39 
Injectors 244—246, 246f 
Injury 
during anaesthesia see Complications 
during anaesthesiaTrauma 
Inotropes, CPB 686 
Input impedance 318-319 
INR (international normalization ratio 
warfarin therapy range) 1010¢ 
Insomnia treatment, benzodiazepines 109 
Inspiration, ventilators 286-288, 286f 
Inspiration—expiration change, ventilators 288 
Insulins, diabetes mellitus control 403 
Intensive care medicine training 969-970 
Intensive care unit (ICU) 902-931 
acquired muscle weakness 924—925 
admission 905-907 
examination 906 
history 906 
patient assessment 905-907 
plan formulation 907 
cardiovascular system 915-918 
shock 915-916, 917-918 
status optimization 917, 917t 
care bundles 926-927 
components 902 
difficult airway management 462, 493 
discharge from 930 
ethical issues 927 
follow-up clinics 930 
future developments 930-931 
gastrointestinal system 918-920 
blood glucose 919 
fluid balance 919-920 
nutrition 918-919 
parenteral nutrition 919 
stress ulcer prophylaxis 919 
healthcare-associated infections 925-926 


high-risk patient identification 505 
historical aspects 902 
levels of care 903t 
monitoring 907-909 
invasive 907—908 
see also specific parameters 
non-invasive 907 
mortality 928-929 
MRI 774 
neurological system 923-924 
outcomes 927-928 
outreach/follow-up 904-905 
propofol 48 
psychological problems 926 
renal dysfunction 920-922, 920t 
renal replacement therapy see Renal 
replacement therapy (RRP) 
respiratory failure 909, 910t 
assessment 909-910 
causes 909t 
continuous positive airway pressure 
910 
management 910 
mechanical ventilation see Mechanical 
ventilation 
non-invasive positive pulmonary 
ventilation 910 
respiratory system 909-915 
sedation 912t 
staff 902-904 
consultant 903 
dieticians 904 
microbiologists 904 
nurses 903—904 
pharmacist 904 
physiotherapists 904 
resident 903 
venous thromboembolism prophylaxis 
924 
see also High-dependency units 
(HDUs) 
Intercostal intercostalis muscle 542f 
Intercostalis intimus muscle 542f 
Intercostal nerve 542, 542f 
Intercostal nerve block 542-543 
postoperative 838 
Intercurrent disease 377—421 
physiological reserve 377-378 
specific disease processes 377 
surgery extent 377—378, 378t 
see also Coexisting medical disease; 
specific diseases/disorders 
Interference, biological electrical signals 
319-320 
Interference refractometers 338 
Intermediate level ICM training 969 


Intermittent infection, intravenous 
anaesthesia 52 
Intermittent mechanical ventilation 
asthma surgery 394 
head trauma 655 
liver disease 398 
Intermittent positive pressure breathing 
(IPPB) 395 
Intermittent positive pressure ventilation 
(IPPV) 
circle rebreathing system 284 
hypoventilation 802 
Mapleson F breathing systems 279 
outcomes 915 
transport ventilators 290 
Internal jugular catheters 326 
Interpretation, clinical measurement 312 
Interscalene block 541, 541f 
Interval scales 974 
Intervention, clinical trials 991 
Interventional neuroradiology 775-776 
anaesthesia 650 
Intestinal obstruction 397 
Intestinal transplants 793 
Intra-abdominal pressure, bariatric 
patients 556-557, 557f 
Intra-aortic balloon pump 686-687 
Intra-arterial injections 43 
Intra-articular local anaesthetics 565-566 
Intra-articular routes, postoperative 
opioids 835 
Intracellular fluid (ICF) 
definition 199-200 
solutes 201, 201f 
Intracellular fluid volume (IFV) 200 
Intracerebral haemorrhage 649 
Intraconal (retrobulbar) block 608, 611 
Intracoronary stenting (ICS) 380 
Intracranial pressure (ICP) 642, 642f 
furosemide 175 
monitoring 347 
head trauma 655 
neurological anaesthesia 647 
neurological diseases 410 
Intracranial surgery, elective 648-652 
Intracranial tumours 648-649 
Intragastric pressure, suxamethonium 92 
Intramuscular drug administration 9 
opioids 830, 830t 
premedication in neonates 741-742 
Intranasal administration, postoperative 
opioids 835 
Intraocular pressure (IOP) 601—604, 602t 
aqueous volume 604 
arterial blood gas tensions 603 
arterial pressure 603-604 


ciliary body 602 
drug effects 604-605 
external pressure 603 
Na‘/K* ATP pump 602 
sclera 601-602 
sodium hyaluronate 604 
suxamethonium side effects 92 
venous pressure 603 
vitreous volume 604 
Intraoperative arrhythmias 386-387 
Intraoperative bradycardias 387 
Intraoperative cell salvage (ICS) 234-235 
Intraoperative fluid requirements 1011 
Intraoperative monitoring, ischaemic heart 
disease surgery 385 
Intraoperative tachyarrhythmias 387-388 
Intraosseous route, fluid therapy in 
neonates 735 
Intraperitoneal routes, postoperative 
opioids 835 
Intrauterine surgery 575-576 
Intravascular volume deficit, emergency 
anaesthesia 753-754, 754t 
Intravenous access 
CPR 957 
neonates 738-739 
orthopaedic surgery postoperative 
analgesia 581-582 
subarachnoid block 524 
Intravenous anaesthesia (IVA) 
agents see below 
closed-loop systems 54 
induction 445—446, 446t 
bariatric patients 557-558 
hypersensitivity 880 
PONV 788 
upper airway obstruction 486-487 
intermittent injection 52 
ischaemic heart disease surgery 386 
maintenance 51—54 
indications 51-52 
manual infusion techniques 52-53, 52f 
neurological anaesthesia induction 644-645 
pre-hospital environment 781—782 
principles 52 
target-controlled infusion techniques 
53-54 
techniques 52-54 
total see Total intravenous anaesthesia 
(TIVA) 
see also Intravenous regional anaesthesia 
(IVRA) 
Intravenous anaesthetic agents 37-55 
adverse reactions 54 
anaphylaxis 55t 
incidence 55t 


classification 39t 
distribution 39—40, 39f, 40t 
ideal properties 37—40 
mechanism of action 37 
non-barbiturates 45-51 
pain on injection 44t 
pharmacokinetics 39—40 
properties 38t 
see also specific drugs 
Intravenous analgesia, pre-hospital 
environment 781 
Intravenous cannulation 
epidural analgesia in labour 710 
intravenous induction 445 
Intravenous drug administration 9 
bolus 9-10 
infusion 10, 10f 
Intravenous fluids, composition 202t 
Intravenous regional anaesthesia (IVRA) 
521-522 
orthopaedic surgery 581 
see also Intravenous anaesthesia (IVA) 
Intravenous regional sympathetic block, 
chronic pain management 945 
Intrinsic pathway, blood coagulation 217, 218f 
Intubating forceps 308, 308f 
Intubating laryngeal mask airway (ILMA) 
305-306, 307, 307f 
difficult tracheal intubation 474—477, 
476f, 478f 
failed tracheal intubation 862 
techniques 478f 
Intubation, trachea see Tracheal intubation 
Intubation failure, obstetric anaesthesia 
emergencies 724-726, 725f 
Investigations 
chronic pain management 936 
ICU admission 906-907 
ischaemic heart disease 380-382 
preoperative assessment see Preoperative 
assessment 
In vitro oximetry 343-344 
Iodine-containing contrast agents 770 
chemical pathology 1007t 
Ionic content 1005t 
Ionising Radiation (Medical Exposure) 
Regulations 2000 (IRMER 2000) 
255-256 
Ionization, materno-fetal concentration 
gradient 699 
IOP see Intraocular pressure (IOP) 
IPPB (intermittent positive pressure 
breathing) 395 
IPPV see Intermittent positive pressure 
ventilation (IPPV) 
Ipratropium 157 
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Irbesartan 145t 
Iris 603f 
Iron 1007t 
Iron-binding capacity 1007t 
Iron lung 285 
Irreversible (non-competitive) antagonists 
1-2, 3f 
Ischaemic events, acute 228—229 
Ischaemic heart disease 378—389, 674—675 
anaesthesia 385-386 
6-blockers 133 
examination 379 
history-taking 379 
investigations 380-382 
premedication 384-385 
preoperative assessment 378—382 
preoperative therapy 382-385 
risk stratification 379-380, 3791, 381f, 382f 
Isoflurane 16-19, 1004t 
carbon dioxide absorbers 27 
cardiac output 18f 
cardiovascular system 17—18, 20f, 26 
central nervous system 18, 26 
characteristics 15t 
CPB 684 
distribution 16 
heart rate 21f 
mean arterial pressure 19f 
metabolism 16, 27 
muscle relaxation 19 
neonates 738 
neuromuscular junctions 26-27 
phaeochromocytoma surgery 632—633 
pharmacokinetics 26 
physical properties 16 
recovery from 17f 
respiratory system 17, 18f, 26 
structure 16f 
systemic effects 27t 
systemic vascular resistance 19f 
uptake 16, 17f 
uterus 18, 27 
Isolation circuits, electrical safety 254 
Isomers, local anaesthetics 63t 
Isoprenaline 124-125 
Isosorbide dinitrate 137 
Isosorbide mononitrate 137 
Isotopes 255-256 
Isradipine 140t 


J 


Jackson—Rees modification of Ayre's 
T-piece 742 
Jaundice 
halothane-associated 25 
postoperative 624 
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Jehovah's Witnesses 235 
Jugular venous oxygen saturation 
monitoring 
brain oxygenation 348 
ICU monitoring 908-909 
Junctional cleft, neuromuscular 
transmission 88 
Junctional rhythm, atrial arrhythmias 872 


K 

K, local anaesthetics 61 

Kaolin cephalin clotting time (KCCT) 
normal values 1010t 
prolongation 1010t 

KCCT see Kaolin cephalin clotting time 

(KCCT) 

Kelvin scale 246-247 

Ketamine 49-51, 85-86 
absolute contraindications 51 
administration 50 
adverse effects 50-51 
cardiovascular system 50 
central nervous system 50 
chemical structure 49 
chronic pain management 941 
dosage 50 
eye 50 
gastrointestinal system 50 
indications 51 
intravenous induction 446t 
major trauma anaesthesia 766-767 
mechanism of action 38 
neonates 738—739, 741 
orthopaedic surgery postoperative 

analgesia 582t 
paediatric values 1017t 
pharmacokinetics 50 
pharmacology 50 
physical characteristics 49 
placenta 50 
precautions 51 
properties 38t 
rapid sequence induction of emergency 
anaesthesia 759 

respiratory system 50 
skeletal muscle 50 
uterus 50 

Ketoacidosis, diabetic 405 

Ketones 187, 190f 

Ketorolac trometamol 
pharmacokinetics 83 
postoperative analgesia 830t 

Knee replacement 587-588 

Krebs' citric acid cycle 184f 

Kruskal-Wallis test 983 


L 
Labetalol 130, 135 
pharmacology 132t 
Laboratory investigations 
blood coagulation 219 
emergency anaesthesia 753 
Laboratory risk assessment see High-risk 
patients 
Labour 703-705 
analgesia 707-709 
epidural analgesia see Epidural 
analgesia 
inhalational analgesia 709 
non-pharmacological 708 
parenteral analgesia 708-709 
post-delivery analgesia 717-718 
antacid prophylaxis 706-707 
birth canal trauma 717 
epidural space 697 
feeding 706-707 
fetal monitoring 705-706, 705t, 706t 
first stage 703, 704f 
forceps delivery 717 
general anaesthesia 720-722, 721t 
pain 707-709, 707f 
pathways 697, 698f 
regional anaesthesia 714-720 
complications 718-720 
see also specific types 
retained placenta 717 
second stage 703 
spinal—epidural analgesia 712-713 
third stage 703 
Ventouse delivery 717 
Labyrinthine disturbances, subarachnoid 
block complications 529 
Lacidipine 141 
characteristics 140t 
pharmacokinetics 140t 
Lack breathing system 276, 276f 
Lacrimal vein 609f 
Lactate 1007t 
Lactate dehydrogenase 181, 1007¢ 
Lactation 700-701 
Lactic acidosis 213 
Lamina cribrosa 603f 
Laminar flow 243, 243f 
Laparoscopy 
adrenalectomy 633 
gynaecological/genitourinary surgery 
569-570 
respiratory disease 392-393 
sterilization 573 
Laparotomy, emergency 762 
Laryngeal granulomas, postoperative care 
819 


Laryngeal mask airway (LMA) 305, 305f, 
306t, 450—451 
asthma surgery 394 
bariatric patients 552 
children difficult airway management 
494 
day-case general anaesthesia 564—565 
difficult tracheal intubation 474—475 
failed tracheal intubation 862 
insertion 450—451 
neonates 743 
ophthalmic general anaesthesia 607 
sizes 450t 
Laryngeal oedema 800 
Laryngeal spasm 
hypoventilation 800 
inhalational anaesthesia complications 
449 
thiopental sodium 42 
thiopental sodium adverse effects 43 
tracheal extubation 461 
Laryngeal spray 308, 308f 
Laryngectomy 597-598 
Laryngectomy tubes 302, 302f 
Laryngoscopes/laryngoscopy 294—299, 451 
bariatric patients 552 
curved blade see Curved blade 
laryngoscopes 
fiberoptic see Fiberoptic laryngoscopes 
fiberoptic laryngo-/broncho-scope 
297-299, 298f, 299f 
handles 296, 296f, 297f 
head position 453f 
light source 296 
Macintosh curved blade 295, 295f 
neonates 743 
pre-hospital environment 782 
rigid fiberoptic 489 
rigid indirect 488-490 
straight-blade see Straight blade 
laryngoscopes 
technique 452f 
techniques 453 
upper airway obstruction 486 
Venner AP Advance 296-297, 298f 
video 296-297, 297f, 298f 
Laryngospasm 858 
Lasers 258—260 
physical principles 259-260 
transurethral resections 570 
Lasting Power of Attorney (LPA) 426 
Lateral femoral cutaneous nerve 546f 
Lateral position 447, 447f 
lateral thoracotomy 662 
Lateral rectus muscle 609f 
Lateral thoracotomy 661-663, 661f 


double-lumen bronchial tubes see 
Double-lumen bronchial tubes 
lateral position 662 
one-lung anaesthesia 662-663, 662f, 663f 
physiological changes 667 
ventilation mode 666-667 
Latex hypersensitivity 880-881 
Laudanosine 96 
LDLs (low-density lipoproteins) 186 
Lead (Pb) 1007t 
Leakage, flowmeters 267 
Leak tests, extubation difficulties 490-491 
Lean production system 900 
Learning resources, assessment tools 972 
Lee revised cardiac risk index 379, 379t 
Left anterior descending artery 675f 
Left atrial (LA) pressure 1005t 
Left subclavian artery 540f 
Left ventricle 
ejection fraction, CPB weaning 686 
filling pressure measurement 327-328 
Left ventricular end-diastolic (LVEDP) 
pressure 1005t 
Left ventricular failure 378 
Left ventricular (LV) pressure 1005t 
Left ventricular stroke work index 
(LVSWI) 1005t 
Legs see Lower limbs 
Length (1) 236, 237t 
SI system 1002t 
Less-than full-time (part-time) training 969 
Leukocytes 216 
Leukotriene receptor antagonists 161 
Levator muscle 609f 
Levator palpebrae superioris muscle 609f, 
610f 
Levobupivacaine 
doses 62t 
epidural block 532 
Caesarian section 716 
ophthalmic regional blocks 612 
pharmacology 63 
postoperative local anaesthesia 835 
subarachnoid block 528 
systemic toxicity 64—65 
Licox® PMO 348 
Lidocaine 57t, 149 
breast-feeding 701 
characteristics 148t 
doses 62t 
epidural block 532 
Caesarian section 716 
intravenous, postoperative analgesia 841 
ophthalmic regional blocks 612, 613 
pharmacology 64, 152t 
Life-long learning 973 


Light guide, lasers 259 
Lighting 
laryngoscopes 296 
operating theatres 431 
pre-hospital environment 780 
Limbs 
ICU admission 906 
plastic surgery 634-635 
see also under lower limbs; under 
upper limbs 
Lines, ICU admission 906—907 
Lingual drug administration 9 
Linked flowmeters 268, 269f 
Lipid metabolism 185-187 
Lipid solubility, local anaesthetics 61 
Liposomal delivery systems 836 
Liquid expansion thermometers 247, 349 
Liquid oxygen stores 263 
Lisinopril 
anaesthesia interactions 359t 
pharmacology 144t 
Lithium 
anaesthesia interactions 359t 
ECT 415 
Lithotomy position 446-447, 447f 
gynaecological/genitourinary surgery 
568 
Liver 
bariatric patients 556-557 
enflurane toxicity 28-29 
inhalational anaesthetic agents 27t 
paracetamol toxicity 82-84 
in pregnancy 695, 695t 
Liver disease 397-399 
acid-base balance 397 
anaesthesia 398-399 
bleeding problems 398 
cardiovascular function 397 
drug metabolism 398 
fluid balance 397 
infections 398 
initial management 398 
opioid pharmacokinetics 75 
preoperative assessment 397-398 
respiratory function 397 
thrombocytopenia 398 
see also specific diseases/disorders 
Liver failure 398 
Liver function tests 
preoperative assessment 364t 
preoperative cardiac surgery 680 
Liver transplants 789-790 
Lloyd Davies position 568 
LMA see Laryngeal mask airway (LMA) 
LMWHs see Low-molecular weight 
heparins (LMWHs) 
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Load-distributing band cardiopulmonary 
resuscitation (AutoPulse) 958 
Local anaesthetics 56—68, 57t, 514-549 
after-care 521 
amphipathic 57, 61f 
asepsis 520 
cardiac arrest 956 
carotid artery surgery 626—627 
catheters 519 
chronic pain management 942 
clinical preparation 63 
complications 515-516 
consciousness 514 
continuous infusion techniques 521 
definition 56 
doses 62t 
enantiomer pharmacology 63, 63t 
equipment problems 516 
general anaesthetics vs. 514 
hypersensitivity 880 
imaging 67 
immobile needle technique 519 
mechanism of action 56-58 
pain transmission 59-60 
voltage-activated Na* channels 56, 
57-58, 58f, 59f, 60f 
monitoring 520 
motor blockade 62 
nerve stimulators 519-520 
neurological complications 516 
ophthalmic anaesthesia 607 
see also specific blocks 
pain assessment 516-517 
pharmacokinetics 62—63 
pharmacology 61-62 
postoperative analgesia 514 
premedication 517-518 
resuscitation equipment 518 
sensory blockade 62 
structures 61, 61f 
supplementary techniques 520-521 
technique assessment 517 
timing 518 
tourniquets 520-521 
toxicity 64-65, 515, 878-879 
clinical reports 64 
human volunteer studies 64 
management 65-67, 66t 
prevention 65-67 
scientific investigation 64 
systemic toxicity 64—65 
tracheal intubation 860 
transient receptor potential family 59f, 67 
ultrasound 520 
see also Regional anaesthesia; specific 
anaesthetics; specific drugs 
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Local approval, clinical trials 992 
Logistical considerations, pre-hospital 
environment 780 
Longitudinal studies 990-991 
Long-term oxygen therapy 166 
Loop diuretics 174-175 
Lorazepam 111 
cardiac surgery premedication 683 
premedication 374 
LOS see Lower oesophageal sphincter 
(LOS) 
Losartan 
anaesthesia interactions 359t 
pharmacology 145t 
Low-concentration oxygen therapy 165, 165f 
Low-density lipoproteins (LDLs) 186 
Lower limbs 
arthroplasty 580-581 
central nerve blocks 580-581 
intravenous regional anaesthesia 522 
nerve blocks 544-547 
see also specific nerve blocks 
subarachnoid block 524 
Lower oesophageal sphincter (LOS) 756 
anticholinergic drug side effects 375 
Lower tracheal obstruction 487—488 
Low-molecular weight heparins (LMWHs) 
225-227 
coagulopathies 228 
CPB 684 
deep venous thrombosis 815 
orthopaedic surgery 584 
subarachnoid/epidural block 533, 533t, 
534 
venous thromboembolism prophylaxis 
924 
LPA (Lasting Power of Attorney) 426 
LUCAS (Lund University Cardiac Arrest 
System) 958 
Lumbar decompression 653 
Lumbar nerve blocks 944 
Lumbar plexus 546 
Lumbar plexus nerve block 545-547 
complications 547 
method 546-547 
Lumbar puncture, subarachnoid block 
525-526, 526f 
Lumbar sympathetic block 945 
Luminous intensity, SI system 1002t 
Lund University Cardiac Arrest System 
(LUCAS) 958 
Lung cysts 670 
Lung fields, obesity 552, 553f 
Lung function tests 
asthma surgery 393 
obstructed airway management 486 


Lung transplants 791-792 

Lung unit collapse, post-surgery 805 

LVEDP (left ventricular end-diastolic 
pressure) 1005t 

LVSWI (left ventricular stroke work index) 
1005t 


M 
MAC see Minimum Alveolar 
Concentration (MAC) 
Macintosh curved blade laryngoscope 295, 
295f 
Macrocytic anaemia 219 
Macrophages 216-217 
Magill breathing system 241, 276, 276f 
Magnesium 
anaesthesia interactions 359t 
characteristics 148t 
chemical pathology 1007t 
Magnesium sulphate 153 
pharmacology 152t 
Magnetic resonance angiography (MRA) 
814 
Magnetic resonance imaging (MRI) 
256-257, 770, 772-775 
anaesthesia 774 
anaesthetic equipment 773-774 
carcinoid tumour 630 
cardiac surgery preoperative assessment 
679 
obstructed airway management 486 
patient safety 773 
post-resuscitation care 963 
staff safety 773 
surgery 774-775 
Mains electricity 253 
Maintenance of anaesthesia 447—459 
immunosuppression in transplanted 
organ patients 785 
ophthalmic general anaesthesia 607 
thoracic surgery 661—667 
see also Inhalational anaesthesia 
Major critical events 892 
Major trauma anaesthesia 763—768 
airway 763-767 
breathing 763-767 
circulation 764-765 
definitive care 765-767 
massive transfusions 767-768 
monitoring 766-767, 766f 
primary survey 763 
pump function 765 
Malabsorptive procedures 
558-559 
Malignant hyperthermia (MH) 


complications during anaesthesia 879-880 
inhalational anaesthesia complications 
449 
Mallampati classification, difficult tracheal 
intubation 455—456, 456f 
Malnutrition 396, 417—418 
bariatric patients 559 
Mannitol 174 
acute kidney injury 177 
ophthalmic anaesthesia 616 
Mann-Whitney U tests 982, 982b, 983 
Manometers, CPB 677 
Manual infusion techniques, intravenous 
anaesthesia 52-53, 52f 
Manual resuscitation breathing systems 
284-285, 285f 
Manufacturer's machine check 435 
MAO (monoamine oxidase) 118-119 
MAOIs see Monoamine oxidase inhibitors 
(MAOIs) 
MAP see Mean arterial pressure (MAP) 
Mapleson A systems 275-276, 275f, 276f, 
279-280, 279f 
gas flows 1018 
Mapleson breathing system classification 
274-280, 274f 
Mapleson B systems 276 
Mapleson C systems 276 
Mapleson D systems 276-278, 277f, 
279-280, 279f 
gas flows 1018 
Mapleson E systems 278-280, 279f 
gas flows 1018 
Mapleson F systems 278-279 
gas flows 1018 
Marfan's syndrome 417 
Masks 
difficult airway management 468—469, 473f 
see also specific types 
Mass (m) 236, 237t 
SI system 1002t 
Massive transfusions, major trauma 
anaesthesia 767-768 
Mass spectrometry 
anaesthetic gas measurement 338 
carbon dioxide measurement 338 
Maternal age, obstetric anaesthesia 
assessment 722 
Maternal refusal, epidural analgesia 
709-710 
Maternal resuscitation, obstetric 
anaesthesia emergencies 729 
Materno-fetal concentration gradient 
698-699 
McCoy laryngoscope 451, 474f 
McGrath 5 489 


MCH (mean corpuscular haemoglobin) 
1010t 
MCHC (mean corpuscular haemoglobin 
concentration) 1010t 
MCV (mean corpuscular volume) 1010t 
MEAC (minimum effective analgesic 
concentration) 828, 828t 
Mean 975 
Mean arterial pressure (MAP) 
CPB 684 
inhalational anaesthetic agents 19f, 27t 
Mean corpuscular haemoglobin (MCH) 
1010t 
Mean corpuscular haemoglobin 
concentration (MCHC) 1010t 
Mean corpuscular volume (MCV) 1010t 
Mechanical cardiopulmonary resuscitation 
958 
Mechanical measuring instruments, 
clinical data processing 316 
Mechanical testing, thoracic surgery 
investigations 658 
Mechanical ventilation 911-912 
analgesia 911-912 
asthma surgery 394 
complications 913 
high-frequency oscillations 914 
neuromuscular blockers 911 
nitric oxide 914 
problem solving 913-914 
prone position 914 
sedation 911-912 
strategies 913-914 
tracheal intubation 911 
weaning 915 
Mechanomyography 101-102 
Medial peribulbar block 611-612 
Medial rectus muscle 609f 
Median 975 
Mediastinoscopy, cervical 669 
Mediastinotomy, anterior 669 
Medical air 35 
bulk store 263 
outlets 264 
Medical history, emergency anaesthesia 751 
Medicines and Healthcare products 
Regulator Agency (MHRA) 359-361 
Medicolegal aspects 
complications during anaesthesia 856 
neurological diseases 410 
Medulla 640 
Melatonin 115 
Melkar cricothyroidectomy 303, 303f 
Membrane stabilization, B-blockers 131 
Meninges 641—642 
Meningiomas 649 


Meningitis 
regional anaesthesia in labour 719 
subarachnoid block complications 529 
Meperidine (pethidine) 77-78 
characteristics 834t 
day-case regional anaesthesia 565 
doses 70t 
labour analgesia 708-709 
metabolism 4t 
metabolism and excretion 75t 
patient-controlled analgesia 833 
pharmacokinetic and physicochemical 
properties 76t 
postoperative analgesia 830t 
Mepivacaine 57t 
day-case regional anaesthesia 565 
doses 62t 
MEPPs (miniature end-plate potentials) 87-88 
Metabolic acid-base disorders 211 
Metabolic acidosis 211t, 212-213, 213t 
causes 212t 
clinical effects 212-213 
treatment 212-213 
Metabolic alkalosis 211t 
Metabolic disease, subarachnoid block 524 
Metabolic equivalents (METs) 
emergency anaesthesia 751, 753t 
physiological reserves 377, 378t 
Metabolic rate 187, 187t 
thiopental sodium 44 
Metabolic syndrome 550-551 
Metabolism 180 
ATP 180, 181f 
definition 180 
diethyl ether 29 
inhalational anaesthetic agents 27 
local anaesthetic pharmacokinetics 62-63 
pharmacology 4, 4t 
Metaraminol 126 
CPB 684 
Methadone 79 
chronic pain management 939 
doses 70t 
metabolism and excretion 75t 
pharmacokinetic and physicochemical 
properties 76t 
Methicillin-resistant Staphylococcus aureus 
(MRSA) infection 925 
Methodological bias 978 
Methohexital 44—45 
adverse reactions 55t 
pain on injection 44t, 45 
properties 38t 
Methoxamine 126 
Methoxyflurane 1004t 
renal effects 168 


INDEX 1047 


Methyl barbiturates 40f 
Methyldopa 129 
anaesthesia interactions 359t 
Methyl thiobarbiturates 40f 
Methylxanthines 
administration route 158-159 
adverse effects 159 
airway calibre 158-159 
dose 158-159 
indications 158 
Metoclopramide 
PONV treatment 849f, 851 
postoperative analgesia 830t 
Metoprolol 132t 
METs see Metabolic equivalents (METs) 
MEWS (modified early warning score) 
904-905 
Mexiletine 149 
characteristics 148t 
pharmacology 150t 
Meyer—Overton relationships, volatile 
anaesthetic agents 12, 12t 
MH see Malignant hyperthermia (MH) 
MI see Myocardial infarction (MI) 
Microbiologists, ICU 904 
Microcomputers 316 
Microcytic hypochromic anaemia 219 
Micro-dialysis catheters 348 
Microlaryngeal tube 299 
Microlaryngoscopy 591-592 
Microprocessor-controlled displays 
317-318 
Microprocessors 314 
Microscopy, ear surgery 593-594, 594f 
Microshock 254 
Midazolam 111 
cardiac surgery 683 
ischaemic heart disease surgery 386 
neonates 741 
physical properties 108 
Midbrain 640 
Mid-tracheal obstruction 487 
Mifepristone (RU486) 702 
Migraine, B-blockers 134 
Millen's procedure 575 
Miniature end-plate potentials (MEPPs) 
87-88 
Minimum Alveolar Concentration (MAC) 
inhalational anaesthesia 14-15, 15t, 448 
nitrous oxide 30 
Minimum effective analgesic concentration 
(MEAC) 828, 828t 
Minoxidil 138 
Miosis, opioids 71 
Misoprostol 702 
Mistakes 888 
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Mitral regurgitation 390 
Mitral stenosis 390 
Mivacurium 96 
hypoventilation 802 
neonates 740 
paediatric values 1017t 
rigid endoscopy/microlaryngoscopy 592 
twitch response 95t 
Mixed agonist-antagonist opioids 80 
Mobility limitations, elderly 418 
Mode 975 
Modified early warning score (MEWS) 
904-905 
Modular training 967—969, 967t, 969t 
Molecular weights 
local anaesthetics 61 
materno-fetal concentration gradient 699 
Moles 1003 
Momentum 237 
Monitoring 353-355, 353t 
additional 353t, 354 
complications of anaesthesia 854-855 
components 312-313, 312t 
definition 312-313 
early recovery period 795-797 
epidural analgesia in labour 713 
ICU see Intensive care unit (ICU) 
intraoperative, ischaemic heart disease 
surgery 385 
local anaesthetics 520 
major trauma anaesthesia 766-767, 766f 
neonates 736, 744 
premonitoring checks 313t 
standards of 351, 352t 
transfer 354-355 
see also Clinical measurement; specific 
anaesthesia protocols; specific 
methods 
Monitors 
intravenous induction 445 
MRI 774 
Monoamine oxidase (MAO) 118-119 
Monoamine oxidase inhibitors (MAOIs) 
anaesthesia interactions 359t 
ECT 415 
Monocytes 216-217 
Montelukast 161 
Mood, opioids 71 
MOP agonists 75t, 76-79 
Morbidity, perioperative 367—370, 368t 
Morphine 69, 76-77 
characteristics 834t 
chronic pain management 938 
doses 70t 
emergency anaesthesia maintenance 761 
excretion 75t 


metabolism 4t, 75t 
neonates 735 
orthopaedic surgery postoperative 
analgesia 582t 
paediatric values 1017t 
patient-controlled analgesia 833 
pharmacokinetic and physicochemical 
properties 76t 
postoperative analgesia 830t 
spinal anaesthesia 715 
structure 73f 
Mortality, perioperative predictors 
367—370, 368t 
Motor blockade, local anaesthetics 62, 516 
Motor neurone disease 412 
Mouth gags 308, 308f 
MoxDuo® 80 
Moxonidine 129 
MRA (magnetic resonance angiography) 814 
MRI see Magnetic resonance imaging 
(MRI) 
Mucociliary function 
dornase alfa 167 
drugs affecting 166-167, 167t 
hypertonic saline 167 
N-acetylcysteine derivatives 167 
nacystelyn 167 
Mucolytics 167 
Mucosal damage, airway management 885 
Multidisciplinary teams, obstetric 
anaesthesia 690 
Multimedia information, consent 424 
Multimodal (balanced) postoperative 
analgesia 841-842 
Multiple-choice questions, assessment 
tools 971 
Multiple sclerosis 412 
Muscarinic receptors 121t 
Muscle disease 
postoperative care 820-821 
thiopental sodium precautions 44 
Muscle innervation 
alterations to 409-410 
hyperkalaemia 409-410 
Muscle pain, suxamethonium side effects 92 
Muscle relaxants 
bariatric patients 557—558 
benzodiazepines 110 
day-case general anaesthesia 565 
difficult airway management 467 
enflurane 28 
intraocular pressure effects 605 
isoflurane 19 
Muscle spasms, dystrophia myotonica 414 
Muscular atrophy, progressive 412 
Muscular dystrophy, progressive 413—414 


Musculoskeletal system 
desflurane 21-22 
inhalational anaesthetic agents 27t 
sevoflurane 23 
Myasthenia gravis 413 
anticholinesterases 99 
non-depolarizing neuromuscular 
blocking agents 98 
Mycophenolate mofetil 179 
Mydriasis 375 
Myeloma 419-420 
Myocardial dysfunction, high-risk patient 
identification 502 
Myocardial infarction (MI) 
B-blockers 133 
risk stratification 380 
Myocardial ischaemia 
complications during anaesthesia 874, 874t 
postoperative care 812 
Myocardial preservation, CPB 685 
Myringotomy 593 


N 
Nabilone 849t 
NAC (N-acetylcysteine) derivatives 167 
N-acetylcysteine (NAC) derivatives 167 
N-acetyltransferase, genetic variation 8 
Nacystelyn 167 
Nadolol 132t 
Nafamostat 224t 
NAELD (non-alcoholic fatty liver disease) 
556 
Na*/K* ATP pump, intraocular pressure 602 
Naloxone 
oxycodone combination 80 
structure 73f 
NANC (non-adrenergic non-cholinergic) 
nerves 162 
Narrow-bore cannula 483—484 
with high pressure source ventilation 
481, 481f, 482 
Nasal intubation 454 
Nasal surgery 593 
cancers 598-599 
Nasendoscopy 486 
NASH (non-alcoholic steatohepatitis) 556 
Nasociliary nerve 608-609 
Nasociliary vein 609f 
Nasogastric tube, emergency anaesthesia 757 
Nasopharyngeal airway 309, 309f 
National approval, clinical trials 992 
National Cardiac Arrest Audit 965 
National Confidential Enquiry into Patient 
Outcomes and Death (NCEPOD) 
751, 752t 


National Institute for Clinical Excellence 
(NICE), ophthalmic general 
anaesthesia 606 

Nausea 843 

Nausea and vomiting 

etomidate 49 
postoperative care see Postoperative 
nausea and vomiting (PONV) 

NCEPOD (National Confidential Enquiry 
into Patient Outcomes and Death) 
751, 752t 

Near-infrared spectroscopy (NIRS) 347 

Nebivolol 135 

Nebulizers 250 

venturi 246 
Neck 
difficult tracheal intubation 454 
dissection 598 
see also Head and neck; under cervical 


Needles, regional anaesthesia 518-519, 518f 


Needlestick injuries 433 
Neonates 
airway management 742-744 
anaesthetic management 740-747 
induction 742-744 
premedication 741-742 
preoperative fasting 740-741 
preoperative preparation 740 
regional anaesthesia see Paediatric 
regional anaesthesia 
arterial pressure 732, 732t 
blood volume 733 
bradycardias 732 
cardiac index 732 
cardiovascular system 732-733, 732t 
day surgery 744-745 
dead space 732t 
dehydration 734t 
developmental pharmacology 736-740 
diaphragmatic hernia 748 
drug effects 699-700 
exomphalos 748 
fetal haemoglobin 733, 733f 
fluid balance 733-734, 733t, 734t 
fluid therapy 734-735 
gastroschisis 748 
haemoglobin 733 
heart rate 732, 732t 
hypernatraemia 734 
inguinal hernia repair 747 
inhalational agents 737-738 
intravenous agents 738-739 
monitoring 736, 744 
oesophageal atresia 747—748 
pharmacology 736-740 
see also specific drugs 


physiology 731-736 
postoperative care 748 
pulse oximetry 732-733 
pyloromyotomy 747 
renal function 733-734 
respiration 731-732, 732t 
respiratory rate 732t 
resuscitation 729 
temperature regulation 735-736 
tidal volume 732t 
tracheo-oesophageal fistulas 747-748 
weight 740, 741t 
Neostigmine 99-100, 137 
hypoventilation 801 
paediatric values 1017t 
PONV 788 
Nephrectomy 571-572, 574 
Nerve blocks 
chronic pain management 942, 942f, 943t 
peripheral see Peripheral nerve blocks 
see also specific nerve blocks 
Nerve injury, regional anaesthesia 
complications 883 
Nerve root injections, chronic pain 
management 944 
Nerve stimulators, local anaesthetics 
519-520, 519f 
Neuraxial blockade, ischaemic heart 
disease surgery 385 
Neuroendocrine response 
stress response 188—190, 191, 497 
surgery/trauma 187-188 
Neuroleptics 112-113 
Neurological anaesthesia 
complications see Complications during 
anaesthesia 
elective hypotension 647 
emergency intracranial surgery 653-654 
fluid replacement therapy 646 
general principles 644—648 
heat loss 645-646 
induction 644—645 
intracranial pressure 647 
local anaesthetic complications 516 
maintenance 646 
monitoring 345-348, 647 
positioning 645 
postoperative care 648 
recovery from 647—648 
supplementary drug therapy 646-647 
Neurological assessment, head trauma 655 
Neurological diseases 409-414 
assessment 409-410 
autonomic disturbances 410 
consciousness 410 
intracranial pressure 410 


INDEX 1049 


medicolegal aspects 410 

regional anaesthesia in labour 719-720 
respiratory impairment 409 

see also specific diseases/disorders 


Neurological injury, during anaesthesia see 


Complications during anaesthesia 


Neurological system 


porphyrias 421 

renal disease effects 400 

see also Central nervous system (CNS); 
Peripheral nervous system (PNS) 


Neurolytic techniques, chronic pain 


management 943—944 


Neuromuscular blockade 87—104, 458—459 


adequacy of 459 

agents see below 

can't intubate, can't ventilate 480—481 

cardiac surgery 683-684 

depolarizing 90-94 

historical aspects 87 

hypoventilation 801, 801t 

indications 458 

liver disease 398-399 

mechanical ventilation 911 

monitoring 100-104 
accelerography 101 
electromyography 101, 102f 
indications 104 
mechanomyography 101—102 
stimulation modes 102-103 

neonates 699, 739-740 

neurological anaesthesia 646 

non-depolarizing agents see Non- 

depolarizing neuromuscular 
blocking agents 

paediatric values 1017t 

pharmacology 90-98 

relaxant anaesthesia 458-459 

reversal agents 98-100 
anticholinesterases 98—100 
cyclodextrins 100 

ventilation adequacy 459 

see also specific agents 


Neuromuscular junctions 


inhalational anaesthetic agents 26-27 
nitrous oxide 32 


Neuromuscular transmission 87—90, 88f 


acetylcholine 87-88 

acetylcholine receptors 89-90, 90f 
acetylcholinesterase 88 

choline acetyltransferase 87-88 
end-plate potential 89 

junctional cleft 88 

miniature end-plate potentials 87-88 
nicotinic acetylcholine receptors 88, 89f 
transmembrane potential 89 
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Neuropathic pain 934-935 
diabetes mellitus complications 404 
postoperative period 842 
Neurophysiological studies, post- 
resuscitation care 963 
Neuroradiology, interventional see 
Interventional neuroradiology 
Neurosurgical anaesthesia 640-656 
anatomy 640-644 
functional surgery 651 
Neurotransmitters 
parasympathetic nervous system 121 
sympathetic nervous system 118-119 
Neutropaenia 222 
Neutrophils 216-217 
Newtonian fluids 243 
Nicardipine 141 
characteristics 140¢ 
pharmacokinetics 140t 
NICE (National Institute for Clinical 
Excellence), ophthalmic general 
anaesthesia 606 
Nicorandil 138 
Nicotinic acetylcholine receptors 88, 89f 
Nifedipine 140 
anaesthesia interactions 359t 
characteristics 140t 
pharmacokinetics 140t 
Nimodipine 1401, 141 
NIPPV (non-invasive positive pulmonary 
ventilation) 910 
NIRS (near-infrared spectroscopy) 347 
NIST (non-interchangeable screw thread) 
266 
Nitrates 
preoperative cardiac surgery 679 
vasodilators 137 
Nitric oxide 
administration route 162 
adverse effects 162-163 
dose 162 
indications 162 
mechanical ventilation 914 
pulmonary vasculature 162—163 
Nitrogen 1007t 
Nitrous oxide (N,O) 30-33, 1004t 
bulk store 263 
burns 638 
cardiac output 18f 
cardiovascular system 31-32 
central nervous system 32 
circle rebreathing system 284 
concentration effect 31, 31f 
cylinders 266 
colour coding 265t 
sizes 265t 


dental anaesthesia 600 
labour analgesia 709 
MAC 30 
manufacture 30 
mean arterial pressure 19f 
neonates 737 
neuromuscular junction 32 
ophthalmic general anaesthesia 607 
outlets 264 
pharmacology 17f, 30-31 
physical properties 30 
pneumothorax 866 
PONV 788 
respiratory system 18f, 31 
second gas effect 31, 31f 
side-effects 32-33 
storage 30 
systemic effects 31-32 
systemic vascular resistance 19f 
uptake 17f 
N-methyl-D-aspartate (NMDA) receptors 
antagonists 840-841 
nitrous oxide 31 
opioids 70-71 
NNH (numbers needed to harm) 995 
NNT (number needed to treat) 995 
Nociceptive pain 934 
Nociceptors 823-825 
Noise 
biological electrical signals 319-320 
operating theatre safety 434-435 
pre-hospital environment 780 
Nominal data 974 
Non-adrenergic non-cholinergic (NANC) 
nerves 162 
Non-alcoholic fatty liver disease (NAFLD) 
556 
Non-alcoholic steatohepatitis (NASH) 556 
Non-barbiturate intravenous anaesthetic 
agents 45-51 
Non-catecholamine sympathomimetics 
125-128 
Non-cholinergic parasympathetic system 155 
Non-competitive (irreversible) antagonists 
1-2, 3f 
Non-depolarizing neuromuscular blocking 
agents 94-98 
bariatric patients 558 
characteristics 98 
day-case general anaesthesia 565 
duration effects 98 
emergency anaesthesia maintenance 
760 
general anaesthesia in Caesarean section 
721-722 
hypoventilation 802 


neonates 740 
neurological anaesthesia 648 
Non-essential amino acids 184 
Non-immunological histamine release 881 
Non-interchangeable screw thread (NIST) 
266 
Non-invasive monitoring, ICU 907 
Non-invasive positive pulmonary 
ventilation (NIPPV) 910 
Non-operating theatre anaesthesia 
769-783 
see also Emergency anaesthesia; Remote 
hospital locations 
Non-parametric tests 980 
Non-parental routes, postoperative opioids 
834-835 
Non-pharmacological postoperative 
analgesia 841 
Non-return valves, anaesthetic machines 
271-272 
Non-shivering thermogenesis, neonates 735 
Non-steroidal anti-inflammatory drugs 
(NSAIDs) 82-84 
anaesthesia interactions 359t 
analgesia 84 
chronic pain 938 
postoperative 840 
post-orthopaedic surgery 581 
breast-feeding 701 
characteristics 834t 
coagulopathies 228 
contraindications 84 
day-case anaesthesia 566 
gastrointestinal system 84 
mechanism of action 82-83, 83f 
neonates 700 
ophthalmic analgesia 607 
orthopaedic surgery 579 
pharmacodynamics 84 
pharmacokinetics 83 
platelet function 84 
premedication 373 
protein-binding 83 
renal function 84 
see also specific drugs 
Non-technical skills, quality and safety 889 
Non-uniform distribution 976-977 
Non-vertical tubes, flowmeters 267 
Noradrenaline (norepinephrine) 124 
chemical pathology 1007t 
infusion regimens 1006t 
metabolism 119f 
renal effects 171-172 
synthesis 118f 
Normal (Gaussian) distribution 976, 977f 
Normocytic normochromic anaemia 219 


Normovolaemic hyponatraemia 207 
NRS (numerical rating scale) 828 
NSAIDs see Non-steroidal anti- 
inflammatory drugs (NSAIDs) 
NTS (nucleus tractus solitarius) 843 
Nucleus tractus solitarius (NTS) 843 
Null hypothesis 988-989 
Number needed to treat (NNT) 995 
Numbers needed to harm (NNH) 995 
Numerical rating scale (NRS) 828 
Numerical scale, pain measurement 828, 
829 
Nursing staff 
ICU 903-904 
postoperative pain management 822 
Nutrition 
head trauma 655-656 
ICU 918-919 
problems 417—418 
see also specific diseases/disorders 


oO 
OAA (Obstetric Anaesthetists' Association) 
690 
Obesity 417 
adipose organ 551 
can't intubate, can't ventilate 479 
chest wall compliance 553 
functional spirometry 553f 
lung fields 552, 553f 
measurement 550, 550t 
obstetric anaesthesia assessment 722 
opioid pharmacokinetics 75 
pathophysiology 550-551 
thoracic surgery 659-660 
see also Bariatric patients 
Obidoxime 100 
Objective structural clinical examination 
(OSCE) 971 
Observational studies 990-995 
Obstetric anaesthesia 690-730 
assessment 722 
awareness 876—877 
emergencies 722-729 
amniotic fluid embolism 728 
antepartum haemorrhage 722-723 
eclampsia 726 
failed intubation 724-726, 725f 
haemorrhage 722-724 
see also specific types 
maternal resuscitation 729 
neonatal resuscitation 729 
postpartum haemorrhage 723 
pre-eclampsia 726 
sepsis 728-729 


thromboembolic disease 727—728 
total spinal/epidural block 727 
multidisciplinary teams 690 
sevoflurane 23 
subarachnoid block 524 
thiopental sodium precautions 44 
see also Labour; Pregnancy 
Obstetric Anaesthetists' Association (OAA) 
690 
Obstructed airway management 449, 
485-488 
bronchial obstruction 487—488 
cause 485 
clinical examination 486 
CT 486 
history 486 
level 485 
lower tracheal obstruction 487—488 
lung function tests 486 
mid-tracheal obstruction 487 
MRI 486 
nasendoscopy 486 
upper airways 486—488 
Obstructive cardiomyopathy, B-blockers 134 
Obstructive pulmonary disease 393 
Obstructive sleep apnoea 799 
bariatric patients 554 
history-taking 362 
Obturator nerve 546f 
Occlusive peripheral vascular disease 
repair 625 
Ocular diseases/complications 
complications during anaesthesia 
885-886 
diabetes mellitus complications 404 
globe damage 615, 615f 
postoperative care 820 
Ocular surgery 604—605 
anaesthesia see Ophthalmic anaesthesia 
cataract surgery 617 
dacryocystorhinostomy 618 
expulsive haemorrhage 604 
glaucoma surgery 618 
paediatric procedures 618-619 
penetrating eye injury 616—617 
specific procedures 616-619 
see also specific procedures 
strabismus surgery 618 
vitroretinal surgery 617-618 
Oculocardiac reflex 604 
Oculomotor nerve (III) 608-609, 609f 
Odds ratio 995, 995b 
Oedema 
peripheral 400 
pulmonary see Pulmonary oedema 
Oesophageal atresia 747-748 
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Oesophageal Doppler, ICU monitoring 908 
Oesophageal stethoscope 333 
Oesophageal surgery 671 
postoperative care 672 
Oesophago-gastroduodenoscopy, 
fibreoptic 668 
Oesophagoscopy, rigid 668-669 
Oesophagus 661 
Oestrogens 
conjugated 224t 
placenta 698 
OHCA (out-of-hospital cardiopulmonary 
arrest) 948 
Ohm's law 253 
Oils, fires 260 
Olanzapine 113 
Oliguria 
postoperative renal failure 402 
renal dysfunction 920-921 
Oncotic pressure 252 
Ondansetron 
PONV treatment 849t 
postoperative analgesia 830t 
One-lung anaesthesia, lateral thoracotomy 
662-663, 662f, 663f 
Oophorectomy 573 
Operating room 430-431 
CPR 955-956 
Operating theatres 428—443 
anaesthetic rooms 429-430 
day-case anaesthesia 563 
equipment checks see Equipment checks 
high-dependency unit 441 
operating room 430—431 
patient transfer 429 
post-anaesthetic care unit 440—441 
preoperative preparation 372-373 
procedure rooms 441 
recovery room 440—441 
safety 431-435, 431t 
atmospheric pollution 432, 432t 
see also Scavenging 
electrical safety 431 
explosions 431—432 
infections 433—434 
noise 434—435 
staff accommodation 441 
storage space 441 
suite organization 428—442 
zones of cleanliness 428, 429t 
Ophthalmic anaesthesia 601-619, 605t 
drug interactions 616 
general anaesthesia 605-607 
airway management 606-607 
assessment 606 
contraindications 606 
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Ophthalmic anaesthesia (Continued) 
indications 605 
induction 606 
maintenance 607 
preparation 606 
local anaesthesia 607 
see also Ophthalmic regional blocks; 
specific blocks 
sedation 619 
surgery 601t 
see also Ocular surgery 
Ophthalmic regional blocks 611-616 
adjuncts 612-613 
anaesthetic agents 612-613 
complications 613-616 
anaesthetic central spread 614—615 
extraocular muscle malfunction 616 
globe damage 615, 615f 
optic nerve damage 616 
orbital haemorrhage 613-614, 614f 
needle-based blocks 611—612 
patient selection 610, 611f 
sedation 619 
selection 610 
Opioid(s) 69-80, 70t 
addiction 71 
administration routes 76 
epidural 839 
spinal 839 
spinal administration 940 
subarachnoid 839 
subcutaneous 940 
transdermal 939-940 
analgesic action 71 
antagonists 80 
breast-feeding 701 
burns 638 
cardiovascular system 72 
central nervous system 71 
chronic pain management 938, 939-940 
day-case anaesthesia 566 
doses 70t 
excretion 75t 
gastrointestinal system 72 
intraocular pressure effects 605 
labour analgesia 708-709 
mechanism of action 56, 69-70, 832 
metabolism 74—75, 75t 
miosis 71 
mixed agonist-antagonist 80 
mood 71 
neonates 700, 739 
neurological anaesthesia induction 645 
ophthalmic analgesia 607 
orthopaedic surgery 579-580, 582 
partial agonists 80 


pharmacodynamics 70-72 
pharmacokinetics 73-75, 76t 
physicochemical properties 73-75, 76t 
postoperative analgesia see Postoperative 
analgesia 
postoperative epidural block 836 
premedication 373 
properties 832 
respiratory system 72 
rigid endoscopy/microlaryngoscopy 592 
sedation 71 
sites of action 832 
sleep 71 
structure 72-73, 73f, 74f 
subcutaneous see Subcutaneous drug 
administration 
tolerance 71 
transdermal 939-940 
ventilatory drive 801 
see also specific drugs 
Opioid-induced hyperalgesia 71 
Opioid infusions 460 
Opioid receptors 
classification 70t 
distribution 70 
pain physiology 70 
Optical cavity, lasers 259 
Optical fibres 260, 260f 
Optical stilettes 488—490, 489f 
Optical transduction 321 
Optic nerve 603f 
anatomy 608-609, 609f, 610f 
damage 616 
Optimal damping, arterial pressure 325f, 
351 
Oral agents 8-9 
anticoagulants 533 
corticosteroids 941 
glycaemic agents 403—404 
orthopaedic surgery postoperative 
analgesia 581-582 
postoperative opioids 834 
pulmonary vasculature 163-164 
Oral cancer surgery 598-599 
Oral contraceptive pill, anaesthesia 
interactions 359t 
Oral surgery 595-596 
Oramorph 834t 
Orbital haemorrhage 613-614, 614f 
Organ donation 929-930 
Organ injury, anaesthesia in transplanted 
organ patients 787 
Organizational culture, quality and safety 
checklists 897 
Organizational design, quality and safety 
899 


Organizational influences, errors 888 
Organizational memory, quality and safety 
900 
Organophosphorus compounds 100 
anaesthesia interactions 359t 
Organ transplants, post-operative see 
Transplanted organ patients 
Oropharyngeal cancer surgery 598-599 
Orthognathic surgery 596 
Orthopaedic surgery 578-589 
antibiotic prophylaxis 583 
arterial tourniquets 584—585 
blood conservation 585-586 
concurrent drug therapies 579-580 
electromyography 585 
general anaesthesia 580 
hypotensive anaesthesia 586 
hypothermia prophylaxis 583-584 
patient population 578-580 
peripheral surgery 589 
positioning 583 
postoperative analgesia 581-583 
regional anaesthesia 580-581 
thromboembolism prophylaxis 584 
see also specific diseases/disorders 
OSCE (objective structural clinical 
examination) 971 
Oscillometric measurement of arterial 
pressure 322-323, 322f, 323t 
Osmolality 199, 252 
Osmolarity 199, 252 
chemical pathology 1007t 
Osmoles 199, 1003 
Osmosis 
definition 199 
gas solubility 251-252, 252f 
Osmotic diuretics 174 
hypernatraemia 205 
postoperative renal failure 402 
Osmotic pressure 252 
Osteoarthritis 579 
Ostwald solubility coefficient 251 
Outcome, clinical trials 991 
Outcome bias 978-979 
Outlets, operating theatres 430 
Out-of-hospital cardiopulmonary arrest 
(OHCA) 948 
Outpatient anaesthesia 
ketamine precautions 51 
thiopental sodium precautions 44 
Outpatient consultation, day-case 
anaesthesia 561-562 
Overnight fasting, day-case anaesthesia 562 
Oversedation, subarachnoid block 
complications 528-529 
Overton—Meyer hypothesis 251 


Oxidation, glycolytic pathway 181 
Oxidative phosphorylation 181 
Oximetry 343-345, 344f 
in vitro 343-344 
Oxprenolol 132t 
Oxybarbiturates 40f 
Oxycodone 79 
characteristics 834t 
chronic pain management 939 
doses 70t 
naloxone combination 80 
oral 834 
patient-controlled analgesia 833 
pharmacokinetic and physicochemical 
properties 76t 
Oxygen 33-34 
bariatric patients demand 555 
bulk store 262-263 
cerebral blood flow effects 644 
concentrators 33, 166, 263 
consumption 
high-risk patient perioperative 
management 506 
pregnancy 694 
content measurement 343 
delivery calculations 916 
equipment checks 437 
manufacture 33 
measurement 338-339 
outlets 264 
supply alarms 352 
see also Oxygen therapy 
Oxygenation 
blood gas analysis 341-345 
difficult tracheal intubation 477—479 
Oxygenators, CPB 677, 685 
Oxygen bypass, anaesthetic machine safety 
features 272 
Oxygen cylinders 265-266 
colour coding 265t 
sizes 265t 
Oxygen electrodes 342, 342f 
Oxygen failure warning system, anaesthetic 
machines 273 
Oxygen saturation, pulse oximetry 345 
Oxygen tension measurement 342-343 
fuel cells 342 
galvanic cells 342 
oxygen electrode 342, 342f 
transcutaneous electrodes 343 
Oxygen therapy 164-166 
acute 165 
adverse effects 33-34 
asthma surgery 395 
chronic bronchitis 809, 809f 
controlled 809-810 


defibrillation 953 
devices 807-808 
fixed performance devices 807-808, 
807f, 808f 
high-concentration 165 
high-risk patient perioperative 
management 506, 507—508 
long-term 166 
low-concentration 165, 165f 
postoperative care 806-810, 806t, 807f 
prescribing 165-166 
recovery ward 808-810 
systemic inflammatory response 497 
thoracic surgery postoperative care 671 
toxicity 166 
tracheal extubation 460 
variable performance devices 808, 808f 
venturi 245 
Oxygen uptake, high-risk patient 
identification 502, 502f 
Oxyhaemoglobin, oximetry 343, 344f 
Oxyhaemoglobin dissociation curve 
341-342 
pregnancy 694 
Oxytocin 575 
antagonists 702 


P 
P, (alveolar partial pressure) 12, 13f 
Pacemaker implantation 776 
Pacemakers, permanent 388, 388t 
Packed cell volume (PCV) 1010t 
Packed red cells (PRC) see Red cell 
concentrates 
PaCO, (arterial carbon dioxide tension), 
pregnancy 694 
PACU see Post-anaesthetic care unit (PACU) 
Paediatric anaesthesia 731-750 
ketamine 51 
regional anaesthesia see Paediatric 
regional anaesthesia 
Paediatric patients 
consent 426—427 
difficult airway management see 
Difficult airway management 
inhaled foreign bodies 494—496 
peripheral nerve blocks 548, 548t 
radiotherapy 777 
regional anaesthesia see Paediatric 
regional anaesthesia 
Paediatric regional anaesthesia 745-747 
auriculotemporal nerve block 746 
caudal epidural block 746 
central neuraxial blocks 745 
fascia iliaca block 746 
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with general anaesthesia 745 
great auricular nerve block 746 
iliohypogastric block 745-746 
ilioinguinal block 745-746 
peripheral nerve blocks 745 


PAFC (pulmonary artery flotation 


catheters) 326-327, 327f 


Pain 


acute 932 
assessment 516-517 
chronic see Chronic pain 
classification 934-935 

see also specific types 
definition 69, 932 
HIV infection 419 
on injection see Pain on injection 
labour 707-709, 707f 
management 

chronic pain 946 

definition 933 

subarachnoid block 524 

see also Analgesia 
neurological anaesthesia 648 
paradigm of 933 
physiology see Pain physiology 
postoperative care see Postoperative pain 
thoracic surgery postoperative care 

671-672 

transmission see Pain transmission 
visceral 934 


Pain fibres 59-60 
Pain history 936 
Pain medicine 


definition 933 
training in 969-970 


Pain on injection 


etomidate 49 

intravenous anaesthetic agents 44t 
methohexital sodium 45 

propofol adverse effects 47 


Pain physiology 


allodynia 824 

ascending tracts 824 
descending systems 825 

dorsal horn neurones 824, 824f 
hyperalgesia 824 

neuropathic pain 825 

opioid receptors 70 

primary afferent fibers 823, 8231, 824f 
spinomesencephalic tract 824 
spinoreticular tract 824 
spinothalamic tract 824 
supraspinal systems 824 
visceral pain 825 


Pain transmission 56—57 


local anaesthetics 59-60 
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Paired tests 979-980 
Pancreas transplants 792 
Pancuronium 97 
neonates 740 
paediatric values 1017t 
twitch response 95t 
Papaveretum 77 
PA (pulmonary arterial) pressure 1005t 
Paracetamol 80-82 
breast-feeding 701 
characteristics 834t 
chronic pain management 938 
day-case anaesthesia 566 
hepatic toxicity 82-84 
mechanism of action 81 
ophthalmic analgesia 607 
orthopaedic surgery postoperative 
analgesia 581 
overdose 82 
pharmacodynamics 82 
pharmacokinetics 81-82 
postoperative analgesia 830t, 840 
premedication 373 
structure 81f 
Paradigm of pain 933 
Paraldehyde 115 
Paramagnetic analyser, oxygen 
measurement 338 
Paraplegia 413 
Parasympathetic nervous system 120-122 
agonists 136-137 
antagonists 136 
drugs acting on 136-137 
effects of 117t 
neurotransmitters 121 
receptor pharmacology 121-122, 121t 
Paravertebral blocks, postoperative 838 
Parecoxib 4t 
Parenchymal lung function, thoracic 
surgery investigations 659 
Parenteral (systemic) analgesia 708-709 
Parenteral feeding, ICU 919 
Parenteral routes, postoperative opioids 
832-833 
Parents, child consent 427 
Parker tracheal tubes 302, 302f 
Parkinson's disease 411—412 
drug interactions 411, 411¢ 
Paroxysmal atrial fibrillation, drug 
treatments 147t 
Paroxysmal SVT, drug treatments 147t 
Partial agonist opioids 80 
Partial thromboplastin time, kaolin 
(PTTK) 1010¢ 
Partition coefficient 251 
Part-time training 969 


Passive insulation, hypothermia avoidance 
197 
Passive scavenging apparatus 292-294, 294f 
Patient(s) 
high-risk see High-risk patients 
safety in MRI 773 
transfer 429 
Patient assessment, ICU admission 
905-907 
Patient-controlled analgesia (PCA) 10 
advantages 833t 
disadvantages 833t 
labour analgesia 709 
postoperative opioids 833 
Patient-controlled epidural analgesia 
(PCEA) 714 
Patient—electrode noise 319 
Patient hotels 567 
Patient noise, biological electrical signals 319 
Patient positioning 446—447, 447f 
bariatric patients 552 
burns 638 
epidural analgesia in labour 710, 710t 
orthopaedic surgery 583 
plastic surgery 633-634 
renal surgery 569 
shoulder replacement 588 
subarachnoid block 525 
see also specific positions 
Patient preparation, remote hospital 
locations 769 
Patient-to-patient transmission, HIV 
infection 419 
PAWP (pulmonary artery wedge pressure) 
1005t 
PCA see Patient-controlled analgesia 
(PCA) 
PCEA (patient-controlled epidural 
analgesia) 714 
PCI see Percutaneous coronary 
intervention (PCI) 
PCV (packed cell volume) 1010t 
PCWP (pulmonary capillary wedge 
pressure) 691—692 
PDNV (post-discharge nausea and 
vomiting) 848 
PDPH (post-dural puncture headache) 718 
PDSA (Plan-Do-Study-Act) 900 
PEA see Pulseless electrical activity (PEA) 
Peak expiratory flow rate (PEFR) 
preoperative assessment 365 
respiratory disease 391-392 
Peak flowmeters, gas flow measurement 336 
Pearson's (least squares )correlation 983 
PEEP see Positive end-expiratory pressure 
(PEEP) 


PEFR see Peak expiratory flow rate 
(PEFR) 
Pelvic floor repair 576 
Pelvic surgery 573-574 
Penetrating eye injury 616—617 
Penile block 543-544 
Penile surgery 576 
Penlon Nuffield 200 ventilator 278f, 289 
Pentax airway scope 296-297, 297f 
Peptide chains 182 
Perceived importance, quality and safety 
checklists 897 
Percutaneous cannulation, cardiac surgery 
684 
Percutaneous coronary intervention (PCI) 
675 
risk stratification 380 
Percutaneous nephrolithotomy (PCNL) 
569, 577 
Perfluoropropane 32 
Peribulbar block 608 
Perineal surgery 576 
Perioperative analgesia 385 
Perioperative fluid therapy 203-204 
ischaemic heart disease surgery 385 
Perioperative infections, gynaecological/ 
genitourinary surgery 572 
Perioperative management, high-risk 
patients see High-risk patients 
Perioperative morbidity/mortality 
predictors 367—370, 368t 
Peripheral artery reconstruction 625 
Peripherally active sympatholytic drugs 
129-130 
Peripheral nerve blocks 535-548 
complications 883 
continuous 547-548 
head and neck blocks 535, 535f 
lower limb 544-547 
orthopaedic surgery 581 
postoperative analgesia 582-583 
paediatric techniques 548, 548t, 745 
trunk 541-544 
upper limb blocks see Upper limb 
blocks 
see also specific blocks; specific nerve blocks 
Peripheral nervous system (PNS) 
complications during anaesthesia 877 
nerve injury 885 
Peripheral neuropathies 412 
Peripheral oedema, renal disease 400 
Peripheral vascular disease 620 
Peripheral vascular resistance 794 
Peripheral vasoconstriction, CPB 687 
Peritoneal insufflation, cardiovascular 
effects 569 


Perivenous injection, intravenous 
induction complications 446 
Permanent pacemakers 388, 388t 
Perphenazine 849t, 851 
Personnel, remote hospital locations 769 
Pethidine see Meperidine (pethidine) 
pH 
hydrogen ions, conversion from 1009 
materno-fetal concentration gradient 
699 
non-depolarizing neuromuscular 
blocking agents 98 
Phacoemulsification 617 
Phaeochromocytoma 631—633 
anaesthesia 631t, 632—633 
co-morbidities 631t 
diagnosis 632 
preoperative preparation 632 
Pharmaceutical drug interactions 2f, 11 
Pharmacists, ICU 904 
Pharmacodynamic drug interactions 2f, 12 
Pharmacodynamic variability, 
postoperative analgesia 828 
Pharmacogenetics 8 
Pharmacokinetic drug interactions 2f, 
11-12 
Pharmacokinetics 5-8 
clearance 5-6 
context-sensitive half-life 8, 8f 
elimination half-life 4t, 6 
postoperative analgesia 827 
two-compartment model 7, 7f 
volume of distribution 5 
see also Pharmacology 
Pharmacology 1-13 
agonists see Agonists 
antagonists see Antagonists 
blood-brain barrier 2-3 
drug excretion 4-5 
enzymes, action on 2 
metabolism 4, 4t 
physicochemical properties 1 
placenta 2-3 
plasma protein binding 3—4 
receptors, action on 1-2 
see also Pharmacokinetics 
Pharyngeal suction, tracheal extubation 
460 
Phenothiazides 849t 
Phenothiazines 
anaesthesia interactions 359t 
ECT 415 
PONV treatment 850-851 
Phenoxybenzamine 130 
Phentolamine 130 
Phenylephrine 126, 171-172 


CPB 684 
ophthalmic anaesthesia 616 
Phosphatase 1007t 
Phosphate 1007t 
Phosphodiesterase III inhibitors 686 
Phosphodiesterase inhibitors 126-127 
pulmonary vasculature 163 
Phospholipids 185 
Physical examination 
assessment tools 970-972 
asthma surgery 393 
chronic pain management 936 
emergency anaesthesia 751-753 
ICU admission 906 
ischaemic heart disease 379 
preoperative assessment 362, 363t 
respiratory disease 391 
thoracic surgery 657—658 
Physical gas analysis methods 337 
Physicians’ assistants 442 
Physics 236-261 
definitions 236-237, 237t 
fluid flow see Fluid flow 
fluids 237-241 
heat 246-247 
Physiological and Operative Severity Score 
for the enUmeration of Mortality 
and morbidity see POSSUM 
(Physiological and Operative Severity 
Score for the enUmeration of 
Mortality and morbidity) 
Physiological dead space, anticholinergic 
drug side effects 375 
Physiotherapists, ICU 904 
Physiotherapy, chest 504 
Physostigmine 99-100 
Pia 603f 
Pia mater 641 
Pickwickian syndrome 417 
Pierre Robin syndrome 493 
Pilocarpine 136 
Pindolol 132t 
Pin index system 
anaesthetic machine safety features 271 
gas cylinders 264 
Pipecuronium 97 
twitch response 95t 
Piped medical gases and vacuum (PMGV) 
262, 263 
Pipelines, anaesthetic machine 266 
Pituitary disease 405-407 
see also specific diseases/disorders 
Pituitary gland 640 
Pituitary surgery (hypophysectomy) 650 
pK,, intravenous anaesthetic agents 39 
Placenta 2—3, 698-701 
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diethyl ether 29 
drug transfer 698 
functions 698 
see also specific functions 
gas transport 698 
hormone production 698 
immunological functions 698 
ketamine 50 
propofol 47 
retained 717 
labour 717 
thiopental sodium 42 
Placental transfer, local anaesthetic 
pharmacokinetics 63 
Placenta praevia 723 
Plain (uncuffed) tracheal tubes 300, 300f 
Plan-Do-Study-Act (PDSA) 900 
Plan formulation, ICU admission 907 
Plasma 216-217 
concentration calculation 6, 6f 
Plasma biomarkers, high-risk patient 
identification 499-500 
Plasma drug monitoring, 
immunosuppression in transplanted 
organ patients 785 
Plasma osmolality, CNS damage 923 
Plasma protein binding 3—4 
Plasma-reduced blood 1005t 
Plasma viscosity 1010t 
Plastic surgery 633-635 
haemorrhage 633-634 
head and neck 634 
limbs 634-635 
positioning 633-634 
psychological state 633 
tracheal intubation 634 
trunk 634 
Plateau phase (phase 3), hypothermia 196 
Platelet(s) 217 
aggregation changes, deep venous 
thrombosis 814-815 
blood coagulation 217 
disorders 223t 
eclampsia/pre-eclampsia 726 
normal count 1010¢ 
NSAIDs 84 
transfusions 231 
Plenum vaporizers 248, 269, 269f, 270f 
Plethysmography 323 
Pleurectomy 670 
Pleurodesis 670 
PMGV (piped medical gases and vacuum) 
262, 263 
Pneumatic bridge oxygen measurement 338 
Pneumatic compression, deep venous 
thrombosis 814 
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Pneumography 335 
Pneumonectomy 670 
Pneumonia, post-surgery 805-806 
Pneumoperitoneum 
functional residual capacity 569 
gynaecological/genitourinary 
laparoscopy 569 
Pneumotachograph 336-337 
Pneumothorax 
bronchopleural fistula 867 
complications during anaesthesia 
866-867 
hypoventilation 802 
local anaesthetics 516 
management 867 
renal surgery 574 
tension see Tension pneumothorax 
Polio laryngoscope 296, 296f 
Polyunsaturated fatty acids (PUFAs) 185 
Pons 640 
PONV see Postoperative nausea and 
vomiting (PONV) 
POPO (post-obstructive pulmonary 
oedema) 490 
Population, clinical trials 991 
Population selection bias 978 
Porphyrias 420-421 
drugs 420t 
intravenous induction complications 
446 
Portal vein thrombosis, liver transplants 
790 
Portex cricothyroidectomy 303, 304f 
Positioning see Patient positioning 
Positive end-expiratory pressure (PEEP) 
913 
bronchospasm 858-859 
head trauma 655 
Positive pressure ventilation (PPV) 668 
POSSUM (Physiological and Operative 


Severity Score for the enUmeration of 


Mortality and morbidity) 
high-risk scores 498-499 
perioperative morbidity/mortality 

predictors 369, 369t 
Post-anaesthetic care unit (PACU) 
high-risk patient postoperative 
management 511 
operating theatres 440-441 
Postanaesthetic shivering 197-198, 198t 
Post-cardiac arrest syndrome 961-962 
Post-discharge nausea and vomiting 
(PDNV) 848 


Post-dural puncture headache (PDPH) 718 


Posterior cervical laminectomy 653 
Posterior chamber 603f 


Posterior descending artery 675f 
Posterior fossa craniotomy 651-652 


Postganglionic sympathetic fibres 116-118, 


120 
Post-obstructive pulmonary oedema 
(POPO) 490 
Postoperative analgesia 829 
age 827 
balanced analgesia 841-842 
day-case anaesthesia 566 
gabapentin 841 
gender 827 
inhalational anaesthesia 839-840 
intravenous lidocaine 841 
local anaesthesia 514, 835-838 
see also specific types 
methods 829-835, 829t 
see also specific methods 
minimum effective analgesic 
concentration 828, 828t 
neonates 745 
NMDA antagonists 840-841 
non-pharmacological methods 841 
NSAIDs 840 
opioids 582, 829-830, 8301, 839 


administration algorithms 830-832, 


831f 
epidural 839 
intramuscular 830, 830t 
non-parental routes 834-835 
parenteral routes 832-833 
patient-controlled analgesia 833 
spinal 839 
subarachnoid 839 
subcutaneous 830 
paracetamol 840 
pharmacodynamic variability 828 
pharmacokinetic variability 827 
pre-emptive analgesia 841 
psychological factors 827, 827t 
spinal opioids 839 
surgery site 826-827 
surgery type 826-827 
tonsillectomy 591 
variation causes 826-828, 827t 
weight 827 


Postoperative antiemesis, premedication 373 


Postoperative care 794—821 

asthma surgery 395 

cardiac surgery 688-689 

cardiovascular system 810-813 
acute coronary syndrome 812-813 
arrhythmias 811-812 
conduction defects 812 
hypotension 810-811 
myocardial ischaemia 812 


central nervous system 797-798 
deep venous thrombosis 813-815 
dental trauma 820 
early recovery period 794—797 
cardiovascular system 794 
central nervous system 794 
equipment 795-797 
gastrointestinal system 795 
monitoring 795-797 
respiratory system 795 
staff 795-797 
elective open abdominal aortic 
aneurysm repair 623-624 
emergency anaesthesia 762 
headache 819 
hepatic dysfunction 817-818, 817t 
hoarseness 819 
hypoventilation 798-802, 799f, 799t 
airway obstruction 798-800 
bronchospasm 800 
laryngeal oedema 800 
laryngeal spasm 800 
management 802 
peripheral factors 801-802 
upper airway obstruction 799 
ventilatory drive 799t, 800-801 
laryngeal granulomas 819 
minor morbidities 818t 
muscle disease 820-821 
neonates 748 
neuropathic pain 842 
ocular complications 820 
oesophageal surgery 672 
preparation for 372-373 
pulmonary embolism 815-816 
renal dysfunction 816-817, 816t 
respiratory system 798-810 
hypoventilation see above 
hypoxaemia 802-803 
oxygen therapy 806-810, 806t, 807f 
protection of 806 
pulmonary changes 803-806, 804f, 
805f 
shivering 820 
sore throat 819 
surgical considerations 821 


Postoperative care units 688 
Postoperative headache, subarachnoid 


block complications 529 


Postoperative jaundice, elective open 


abdominal aortic aneurysm 
repair 624 


Postoperative nausea and vomiting 


(PONV) 819, 843-852 
adverse effects 845-846, 846t 
causes 848t 


day-case anaesthesia 566 
gynaecological/genitourinary surgery 
572 
management 848 
mechanisms 843-845 
see also Chemoreceptor trigger zone 
(CTZ); Vomiting centre 
nitrous oxide side-effects 32 
opioids 830, 830t 
prevention 848 
risk factors 846-848, 846t 
anaesthetic factors 846-847 
patient factors 846 
risk stratification 8461, 847, 847f 
treatment 848 
pharmacology 848-852, 849t 
see also specific drugs 
Postoperative pain 798, 798t 
characteristics 822 
inpatient pain teams 825-826 
measurement 828-829 
nursing staff 822 
physiology 823-825 
surgical causes 825 
treatment see Postoperative analgesia 
Postoperative Pulmonary Complications 
(PPC) 499 
Postoperative renal failure 402 
Postpartum haemorrhage, obstetric 
anaesthesia emergencies 723 
Postprandial glucose 1007 
Postsynaptic dopamine receptors, 
sympathetic nervous system 120 
Post-tetanic potentiation, neuromuscular 
blockade monitoring 103 
Posture, epidural analgesia in labour 713 
Potassium 
balance 208-209 
chemical pathology 1007t 
CPB 685-686 
disorders see Hyperkalaemia; 
Hypokalaemia 
fluid balance 202 
renal disease 400 
Potassium channel activators, vasodilators 
138 
Potassium-sparing diuretics 176-177 
Potency, volatile anaesthetic agents 12, 12t 
Power (P) 237, 237t 
SI system 1002t 
Power supply, equipment checks 435-436 
PPC (Postoperative Pulmonary 
Complications) 499 
PPO (predictive postoperative) lung 
function 658-659 
PPV (positive pressure ventilation) 668 


Pralidoxime 100 
PRC see Red cell concentrates 
Pre-admission clerking appointments 358 
Pre-arrest arrhythmias 958-961 
Pre-assessment clinics 561—562 
Precision, clinical measurement 314 
Predictive postoperative (PPO) lung 
function 658-659 
Predictive testing, statistics 985-988 
Prednisolone 178 
Pre-eclampsia 
clinical presentation 726 
epidural analgesia 727 
management 726-727 
obstetric anaesthesia emergencies 726 
Pre-emptive analgesia, postoperative 
analgesia 841 
Pregnancy 
anatomy/physiology 690-701 
aortocaval compression 692 
coagulation 695-696, 695t 
consent 427 
drug effects 701-703 
on fetus 699 
prostaglandins 702 
tocolytic drugs 702 
uterotonic drugs 701—702 
see also specific drugs 
ectopic 573-574 
epidural space 696-697, 696f, 697f 
gastrointestinal changes 695 
haematological changes 692, 695-696 
haemodynamic changes 691-693, 692f, 
692t 
intravenous anaesthetic agent adverse 
reactions 54 
liver function 695, 695t 
non-obstetric emergencies 730 
progesterone 691, 691f 
regional blood flow 693, 693f 
renal changes 693f, 694 
respiratory changes 693—694, 694t 
Pregnancy tests 563 
Pre-hospital environment 779-783 
airway 780-781 
anaesthetic techniques 781-782 
analgesic techniques 781-782 
breathing 781 
cervical spine control 781 
circulation 781 
clinical considerations 780-781 
deficit 781 
extremities 781 
inhalational analgesia 781 
intravenous anaesthesia 781-782 
intravenous analgesia 781 
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logistical considerations 780 
personal preparation 779-780 
regional anaesthesia 781 

team working 780 

training 779-780 

transfer to hospital 782-783 
see also Emergency anaesthesia 


Pre-list briefings, quality and safety 891 
Preload 917 
Premedication 373-376 


analgesia 373 
anxiety relief 373-374 
day-case anaesthesia 563-564 
deep vein thrombosis 376t 
drugs used 374 

see also specific drugs 
gastric aspiration 376t 
gastric pH elevation 374 
gastric volume reduction 374 
infections 376t 
intraocular pressure effects 604 
local anaesthetics 517-518 
neonates 741-742 
postoperative antiemesis 373 
secretion reduction 373 
sedatives 106, 373 
sympathoadrenal response 374 
tonsillectomy 591 
vagal reflex reduction 374 
see also specific drugs 


Preoperative assessment 357—367 


aims 357 

diabetes mellitus 403—404 

ECT 414 

emergency anaesthesia see Emergency 

anaesthesia 

history-taking 358-362 
alcohol use 362 
allergies 361 
anaesthetic history 358-359 
concurrent medical history 358 
drug history 359-361, 359t 
family history 359 
obstructive sleep apnoea 362 
presenting complaint 358 
smoking 361-362 

investigations 363-367, 366f 
blood chemistry 364 
blood glucose 364t 
cardiac investigations 365 
cardiopulmonary exercise testing 

365-367 

cervical spine X-ray 365 
chest X-ray 364-365, 364t 
coagulation screen 364, 364t 
creatinine 364t 
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Preoperative assessment (Continued) 
ECG 364t, 365 
echocardiography 365 
electrolytes 364t 
full blood count 363—364, 364t 
liver function tests 364t 
pulmonary function tests 365 
thoracic inlet X-ray 365 
urea 364t 
urine analysis 363 

ischaemic heart disease 378-382 
non-specific adverse outcomes 367—368 
perioperative morbidity/mortality 
predictors 367—370, 368t 
physical examination 362, 363t 
pre-admission clerking appointments 
358 
specific adverse element prediction 
369-370 
when 357-358 
where 357-358 
who 357-358 
Preoperative fasting 
neonates 740-741 
preoperative preparation 371 
Preoperative preparation 370-373 
arrhythmias 386-389 
blood transfusion requests 372 
consent 371-372 


gas regulators 241, 241f 
pressure regulators 266-267 
Pressure support ventilation (PSV) 913, 
915 
Prevalence 990 
Prilocaine 57t 
day-case regional anaesthesia 565 
doses 62t 
pharmacology 64 
subarachnoid block 528 
Primary afferent fibers, pain physiology 
823, 823t, 824f 
Primary hip arthroplasty 586-587 
Primary survey, major trauma anaesthesia 
763 


Primus Drager anaesthetic machine 267, 268f 


ventilator 289 
Probability 976 
Probe specificity, anaesthetic machine 
safety features 271 
Procainamide 149 
pharmacology 150t 
Procaine 57t 
Procedural sedation 106—108 
Procedure rooms, operating theatres 441 
Prochlorperazine 8301, 849t 
Prodrug 4 
Professional behaviour, quality and safety 
checklists 897 


ECT 778 
indications 48 
intravenous anaesthesia 53 
intravenous induction 446t 
mechanism of action 37-38 
neonates 700, 738 
ophthalmic general anaesthesia 607 
paediatric values 1017t 
pain on injection 44t 
pharmacokinetics 47 
pharmacology 46—47 
physical properties 45—46 
precautions 48 
presentation 45—46 
properties 38t 

Propranolol 132t 


Proseal laryngeal mask airway 305-306, 306f 


Prospective studies 990 
Prostaglandins 

orthopaedic surgery postoperative 

analgesia 581—582 

pregnancy 702 
Prostatectomy 

radical 575 

retropubic 575 
Prostate surgery 574-575 
Prosthetic hip dislocation 587 
Protamine 224t 
Protein binding 


drugs see Premedication Progesterone intravenous anaesthetic agents 39 
neonates 740 induced hypertension 696 local anaesthetics 61-62 
operating theatre organization 372-373 placenta 698 materno-fetal concentration gradient 
Parkinson's disease 411 pregnancy 691, 691f 699 
preoperative fasting 371 Progressive bulbar palsy 412 NSAIDs 83 
surgical postponement 370-371 Progressive muscular atrophy 412 Protein C 218 

Pre-oxygenation Progressive muscular dystrophy 413-414 Protein catabolism, stress response 
extubation difficulties 490 Pro-inflammatory response, surgery 497 188-189 


Promethazine 849t 
Prone position 447, 447f 
cardiac arrest 956 
mechanical ventilation 914 
percutaneous nephrolithotomy 569 
Propafenone 151 
characteristics 148t 
Prophylactic postoperative intermittent 
positive pressure ventilation 762, 762t 
Propofol 45—48 
absolute contraindications 48 
administration 47 
adverse reactions 47 
incidence 55t 
breast-feeding 701 
cardiac surgery 683 


Protein chemical pathology 1007t 
Protein metabolism 182-185 
catabolism for energy 185 
Protein S 218 
Prothrombin time (PT) 
coagulopathies 222 
massive transfusions 767-768 


pre-hospital environment 782 
Preparation of anaesthesia 444 
Preparedness, quality and safety 892 
Presenting complaint, history-taking 358 
Pressure 1003 

definition 237, 237t 

notation 240-241 

SI system 1002t 
Pressure controlled ventilation 912 
Pressure cycling, ventilators 288 
Pressure demand regulators 242, 242f 
Pressure gauges 

anaesthetic machine 266, 272 

equipment checks 437 
Pressure regulators 241—242, 242f 

anaesthetic machine 266-267 
Pressure relief valves chemical structure 45, 46f 

anaesthetic machine safety features 271, day-case general anaesthesia 564 

273 dosage 47 


normal values 1010t 

prolongation 1010t 
PSV (pressure support ventilation) 913, 915 
Psychiatric disease 414—415 

see also specific diseases/disorders 
Psychological problems 

ICU 926 

plastic surgery 633 

postoperative analgesia 827, 827t 
Psychological techniques, chronic pain 

management 946 

PT see Prothrombin time (PT) 


PTTK (partial thromboplastin time, 
kaolin) 1010¢ 
Pubic tubercle 546f 
Publications 993-995 
checklists 993-994 
PUFAs (polyunsaturated fatty acids) 185 
Pulmonary angiography 816 
Pulmonary arterial (PA) pressure 1005t 
Pulmonary artery 326-328 
Pulmonary artery catheter 
ICU monitoring 908 
postoperative renal failure 402 
Pulmonary artery flotation catheters 
(PAFC) 326-327, 327f 
Pulmonary artery wedge pressure (PAWP) 
1005t 
Pulmonary capillary wedge pressure 
(PCWP) 691-692 
Pulmonary embolism 
postoperative care 815-816 
treatment 816 
Pulmonary function tests 365, 1015 
see also specific tests 
Pulmonary lobectomy 669 
Pulmonary oedema 
acute 175 
renal disease 400 
Pulmonary oxygen toxicity 34 
Pulmonary transplants 791-792 
Pulmonary vascular resistance (PVR) 1005t 
Pulmonary vasculature 
ACE inhibitors 164 
calcium channel blockers 163 
drug effects 162-164 
endothelin receptor antagonists 163 
epoprostenol 164 
iloprost 163 
inhaled agents 162—163 
intravenous agents 164 
nitric oxide 162-163 
oral agents 163-164 
phosphodiesterase inhibitors 163 
Pulse contour analysis 
arterial pressure measurement 330 
ICU monitoring 908 
Pulseless electrical activity (PEA) 954 
sequence of actions 954 
Pulse oximetry 344-345 
disadvantages 345t 
neonates 732-733 
oxygen saturation 345 
Pump function, major trauma anaesthesia 
765 
Pumping source, lasers 259 
Pumps, CPB 677 
PVR (pulmonary vascular resistance) 1005t 


Pyloric stenosis, neonates 747 
Pyloromyotomy, neonates 747 

Pyrexia, anticholinergic drug side effects 375 
Pyridostigmine 99, 137 

Pyruvate 1007t 


Q 
QM (quadratic mean) 975 
Quadratic mean (QM) 975 
Quality and safety 887-901 
anticipation 892 
checklists 896-897, 898t 
communication 891 
decision-making 892 
definition 887, 888t 
designing problems out of system 
899-901 
error generation 887-892 
measurement of 893-899, 894t 
clinical outcomes 894 
departmental level 895 
quality indicators 895 
non-technical skills 889 
pre-list briefings 891, 891 
preparedness 892 
quality improvement tools 895-899, 896t 
safety behaviour 889 
situational awareness 891-892 
systems approach 887-892 
teamwork 891 
Quality Improvement Programs 900-901 
Quality improvement tools 895-899, 896t 
Quality indicators 895 
individual patient levels 895, 895f 
Quantiflex mixer flowmeter 267-268, 268f 
Quicktrach cricothyroidectomy 303, 303f 
Quinapril 144t 
Quinidine 149 
anaesthesia interactions 359t 
characteristics 148t 
pharmacology 150t 


R 
Racemate 63t 
Race-pressure product (RPP) 1005t 
Radiation 255-256 

absorption 339-340 

exposure to 771 

safety 255-256 
Radical prostatectomy 575 
Radiofrequency lesions 943-944 
Radiographic surface markings, thoracic 

surgery 661 

Radiology department 770-776 
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exposure to X-rays 771 
iodine-containing contrast agents 770 
see also specific techniques 
Radionuclide imaging 678-679 
Radiotherapy 776-777 
general anaesthesia 776-777 
paediatric patients 777 
RAE (Ring, Adair and Elwun) tube 301, 301f 
Raised intracranial pressure, inhalational 
anaesthesia complications 449-450 
Ramen scattering 
anaesthetic gas measurement 341 
carbon dioxide measurement 341 
Ramipril 144¢ 
Ramsay Sedation Score 107 
Random allocation, clinical trials 993 
Randomization, clinical trials 992-993 
Rank tests 982-983 
Rapacuronium 97—98 
neonates 740 
twitch response 95t 
Rapamycin 178 
Rapid sequence induction, emergency 
anaesthesia 757-759 
Ratio scales 974 
Raynaud's phenomenon 135 
RBC (red blood cell count) 1009t 
RBCs see Red blood cells (RBCs/ 
erythrocytes) 
RCoA (Royal College of Anaesthetists) 690 
RCRI (Revised Cardiac Risk Index) 499 
Rebreathing systems 280-284 
baralyme 281 
circle system see Circle rebreathing 
system 
soda lime 280-281, 280t 
to-and-fro system 281, 281f 
Receptors, drug action 1-2 
Record-keeping 355, 356t 
automated records 355 
complications during anaesthesia 
855-856 
complications of anaesthesia 854 
early recovery period 795 
equipment checks 440 
Recovery 
from anaesthesia 461 
equipment checks 440 
neurological anaesthesia 647—648 
remote hospital locations 770 
Recovery position 460f 
Recovery room 
day-case anaesthesia 563 
operating theatres 440-441 
Rectal drug administration 10 
postoperative opioids 835 
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Rectus sheath block, postoperative 838 
Red blood cell count (RBC) 1009t 
Red blood cells (RBCs/erythrocytes) 216 
functions 216 
loss 350 
Red cell concentrates 229-230, 231t 
compatibility 232 
red cell storage lesions 230-234 
Red cell volume, pregnancy 691, 692t 


Redistribution stage (stage 1), hypothermia 


194-196, 195f 


Reduced use of anaesthetic, scavenging 292 


Redundant systems, complications of 
anaesthesia 854 
Refeeding syndrome 919 
Referred hyperalgesia 934 
Referred pain, physiology 825 
Reflexology, labour analgesia 708 
Refractive index, gas analysis 338 
Refractometers, interference 338 
Regional anaesthesia 
asthma surgery 394 
coagulopathies 228 
complications 883-884 
central techniques 883 
haematoma 883 
hypotension 883 
infections 883 
nerve injury 883 
difficult tracheal intubation 456 
emergency anaesthesia 760 
equipment 518-520 
gynaecological/genitourinary surgery 
571-572 
intravenous see Intravenous regional 
anaesthesia (IVRA) 
needles 518-519, 518f 
neonates see Paediatric regional 
anaesthesia 
orthopaedic surgery 580-581, 581 
paediatric patients see Paediatric 
regional anaesthesia 
pre-hospital environment 781 
primary hip arthroplasty 586 
respiratory disease 392 
rheumatoid arthritis 579 
sedation supplementation 106—107 
thermoregulation 196 
tracheal intubation 860 
see also Local anaesthetics 
Regional blood flow, pregnancy 693, 693f 
Regional lung function, thoracic surgery 
investigations 659 
Registration, clinical trials 992 
Regnault's hygrometer 250 
Regulators, pressure demand 242, 242f 


Regulatory approval, clinical trials 991—992 
Regurgitation 
definition 755 
intravenous induction complications 446 
risk factors 756 
tracheal extubation 461 
Regurgitation and aspiration, difficult 
tracheal intubation 860 
Reinforde flexometallic tubes 301, 301f 
Relationship testing 983-984 
Relative humidity 250 
Relative risk (RR) 994, 995b 
Relative risk reduction (RRR) 995 
Relaxant anaesthesia 
assessment of 458—459 
neuromuscular blockade 458-459 
reversal of 459 
tracheal intubation 452-453 
Reliability, clinical measurement 312 
Remifentanil 78-79, 460 
ischaemic heart disease surgery 386 
labour analgesia 709 
neonates 700, 735 
pharmacokinetic and physicochemical 
properties 76t 
structure 74f 
Remote hospital locations 769-779 
assistance 769-770 
communication 770 
equipment 769 
patient preparation 769 
personnel 769 
recovery 770 
see also specific locations 
Remote reading instruments, body 
temperature 349-350 
Renal artery blood flow, furosemide 175 
Renal disease 399-402 
anaesthesia 401—402 
cardiovascular effects 400 
chronic kidney disease 399 
diabetes mellitus complications 404 
drug effects 168-169, 169t 
drug therapy 168-179, 401 
vasoactive drugs 169-172 
see also Diuretics 
electrolyte disturbances 399—400 
fluid balance 399 
haematological effects 400-401 
neurological effects 400 
pharmacokinetic effects 168 
pre-anaesthetic assessment 399-401 
thiopental sodium precautions 44 
urinary measurements 399t 
Renal dysfunction, ICU see Intensive care 
unit (ICU) 


Renal failure 
acute 177 
fluid replacement therapy 204 
opioid pharmacokinetics 75 
postoperative 402 
Renal function tests 1014 
Renal replacement therapy (RRP) 921 
complications 922t 
continuous venovenous 
haemodiafiltration 921 
continuous venovenous haemodialysis 921 
continuous venovenous 
haemoinfiltration 921 
indications 921t 
venous access 922 
Renal surgery 574 
positioning 569 
tract stones 577 
Renal system 
cyclo-oxygenase-2 inhibitors 85 
eclampsia/pre-eclampsia 726 
elderly 418 
ICU admission 906 
inhalational anaesthetic agents 27t 
methylxanthine adverse effects 159 
neonates 733-734 
NSAIDs 84 
pregnancy 693f, 694 
rheumatoid arthritis 416 
sevoflurane 23 
Renal transplantation 178-179, 788-789 
azathioprine 178 
ciclosporin A 178 
ciclosporin-Neoral 178 
erythropoietin 178 
immunosuppression 178 
indications 786t, 788 
mycophenolate mofetil 179 
perioperative regimen 179t 
prednisolone 178 
rapamycin 178 
tacrolimus 179 
Renal transplanted patients 
anaesthesia 788-789 
preoperative status 788 
surgery 788 
Rendell—Baker masks 742 
Renin—angiotensin—aldosterone system 
141-145, 142f 
drugs acting on 143-145 
see also specific drugs 
resting state 142-143 
Repeated bolus administration, epidural 
analgesia 713 
Repeated clinical measurement 315 
Reporting bias 978-979 


Reserpine 359t 
Reservoir bags 294 
anaesthetic machine safety features 273 
Resident, ICU 903 
Resistance to standardization, quality and 
safety checklists 897 
Resistance-wire thermometers 349 
Resonant frequency and damping, arterial 
pressure 324-325, 324f, 325f 
Respiration, neonates 731—732, 732t 
Respiratory acid-base disorders 211 
respiratory acidosis 211, 214, 214t 
respiratory alkalosis 211t, 214, 214t 
Respiratory acidosis 211t, 214, 214t 
Respiratory alkalosis 211t, 214, 214t 
Respiratory/circulatory failure stage 
(stage 4), inhalational anaesthesia 
signs 448 
Respiratory depression 
intravenous induction complications 446 
methohexital sodium 45 
propofol adverse effects 47 
thiopental sodium adverse effects 43 
Respiratory disease 391-393 
assessment 391-393 
blood gas analysis 392 
chest X-ray 391 
ECG 391 
examination 391 
haematology 391 
history-taking 391 
investigations 391-392 
laparoscopic surgery 392-393 
lung function tests 391-392 
neurological diseases 409 
obstetric anaesthesia assessment 722 
obstruction 856—858, 857t 
regional anaesthesia 392 
sputum culture 391 
subarachnoid block 524 
see also specific diseases/disorders 
Respiratory failure, ICU see Intensive care 
unit (ICU) 
Respiratory inductance plethysmography 
335 
Respiratory muscle weakness, dystrophia 
myotonica 414 
Respiratory rate 
measurement 333 
neonates 731, 732t 
Respiratory sinus arrhythmias 347 
Respiratory stimulants 164 
Respiratory system 
anaesthesia complications see 
Complications during anaesthesia 
clinical measurement 332-333 


complications during anaesthesia see 
Complications during anaesthesia 
depression see Respiratory depression 
disease see Respiratory disease 
drugs affecting 155-167 
benzodiazepines 110 
desflurane 20-21 
diethyl ether 29 
enflurane 28 
halothane 24 
inhalational anaesthetic agents 18f 
26, 27t 
isoflurane 17, 18f 
ketamine 50 
nitrous oxide 31 
opioids 72 
propofol 46 
sevoflurane 22 
subarachnoid block effects 522 
thiopental sodium 41—42 
early recovery period 795 
eclampsia/pre-eclampsia 726 
elderly 418 
ICU admission 906 
liver disease 397 
obesity 417 
Parkinson's disease 411 
postoperative care see Postoperative care 
pregnancy 693—694, 694t 
preoperative complications prediction 
370 
rheumatoid arthritis 416 
stress response 189 
see also specific anatomy; specific 
measure 
Response time, gas analysis 337 
Resting echocardiography, high-risk 
patient identification 500 
Restrictive lung disease 395-396 
Resuscitation 948-965 
Chain of Survival 948, 949f 
epidemiology 948 
guidelines 948 
science of 948 
see also Advanced life support (ALS); 
Cardiopulmonary resuscitation 
(CPR) 
Resuscitation equipment 
early recovery period 795 
equipment checks 439-440 
local anaesthetics 518 
Retained placenta, labour 717 
Reticulocytes 1010t 
Retina 603f 
Retrobulbar block 608, 611 
Retrolental fibroplasia (RLF) 34 
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Retropubic prostatectomy (Millen's 
procedure) 575 
Retrospective studies 990 
Reversal, emergency anaesthesia 761—762 
Revised Cardiac Risk Index (RCRI) 499 
Reynold's number 243 
Rheumatoid arthritis 416, 578-579 
Richmond's Agitation Sedation Scale 107 
RIFLE 816t 
Right atrial pressure (RA) 1005t 
Right coronary artery 675f 
Right main bronchus 661 
Right posterolateral branch 675f 
Right ventricle, bariatric patients 555 
Right ventricular (RV) pressure 1005t 
Rigid bronchoscopy 667—668 
Rigid endoscopy 591-592, 592f 
Rigid fiberoptic laryngoscopes 489 
Rigid indirect laryngoscopes 488-490 
Rigid oesophagoscopy 668-669 
Ring, Adair and Elwun (RAE) tube 301, 
301f 
Risk communication, consent 425, 425t 
Risk scoring 986-988 
Risk stratification 
ischaemic heart disease 379-380, 379t, 
381f, 382f 
PONV 8461, 847 
Ritodrine 702 
RLF (retrolental fibroplasia) 34 
Road traffic accidents (RTAs) 596 
ROC curves 986, 995b 
Rocuronium 97 
ischaemic heart disease surgery 386 
neonates 740 
paediatric values 1017t 
rapid sequence induction of emergency 
anaesthesia 759 
twitch response 95t 
Root cause analysis 901 
Root square mean (RSM) 975 
Ropivacaine 57t 
doses 62t 
epidural block 532 
Caesarian section 716 
pharmacology 63 
postoperative local anaesthesia 835 
systemic toxicity 64—65 
Rotameters, gas flow measurement 336, 336f 
Royal College of Anaesthetists (RCoA) 690 
RPP (race-pressure product) 1005t 
RR (relative risk) 994, 995b 
RRP see Renal replacement therapy (RRP) 
RRR (relative risk reduction) 995 
RSM (root square mean) 975 
RTAs (road traffic accidents) 596 
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RU486 (mifepristone) 702 
Riisch bronchial blocker 662-663, 663f 


S 
SAB see Subarachnoid block (SAB) 
SAD (seasonally affective disorder), 
children difficult airway management 
494 
SADs see Supraglottic airway devices 
(SADs) 
Safety see Quality and safety 
Safety behaviour, quality and safety 889 
Safety clothing 779 
Safety testing, electrical safety 254 
Salbutamol 128 
in pregnancy 702 
Salivary gland excision 598 
Saphenous nerve 546f 
SAPS (Simplified Acute Physiology Scale) 
928 
SAQs (short answer questions) 971—972 
Saturated vapour pressure, vaporizers 248 
Scalenus anterior muscle 540f 
Scalenus medius muscle 540f 
Scavenging 291-294 
air conditioning 292 
apparatus 292-294, 292f, 293f, 294f 
equipment checks 439 
reduced use of anaesthetic 292 
vaporizer filling 292, 292f 
Scavenging outlets 264 
Schlemm's canal 603f 
Sciatic nerve block 544-545, 544f, 545f 
Scientific investigation, local anaesthetic 
toxicity 64 
Sclera 
eye anatomy 603f 
intraocular pressure 601—602 
Scleroderma 416 
Scoliosis 588, 653 
Scoring systems, statistics 985—988 
SCTS (Society for Cardiothoracic Surgery) 
674 
SD dimers 1010t 
Seasonally affective disorder (SAD), 
children difficult airway management 
494 
Second gas effect, nitrous oxide 31, 31f 
Second-generation calcium channel 
blockers 141 
Secretion reduction, premedication 373 
Sedation/sedatives 105-115 
administration techniques 107 
anaesthetics vs. 105 
awake fibreoptic tracheal intubation 107 


benzodiazepines 109 
critical care 107 
CT 771 
definition 105, 106t 
dental anaesthesia 599-600 
head trauma 654, 655-656 
indications 106—108 
ketamine 51 
mechanical ventilation 911—912 
neonates 741, 745 
ophthalmic anaesthesia 619 
ophthalmic regional blocks 619 
opioids 71 
phaeochromocytoma 632-633 
premedication 106, 373 
propofol 48 
see also specific drugs 
Seizures, post-resuscitation care 962 
Selection bias 978-979 
Selective serotonin reuptake inhibitors 
(SSRIs) 415 
Self-awareness 889 
Sellick's manoeuvre 758, 758f 
Semi-active scavenging apparatus 292 
Sensory blockade, local anaesthetics 62 
Sepsis 
epidural analgesia contraindications 710 
ICU admission 906-907 
obstetric anaesthesia emergencies 
728-729 
Sepsis with shock, hypotension 811 
Sequential Organ Failure Assessment 
(SOFA) 928 
Serotonergic receptors, neuroleptics 112 
Serotonin 5-HT, antagonists 849t, 851 
Serotonin norepinephrine re-uptake 
inhibitors (SNRIs) 941 
Severe head injury 923 
Severe hepatic disease, thiopental sodium 
precautions 44 
Sevoflurane 22-23 
carbon dioxide absorbers 23, 27 
cardiac output 18f 
cardiovascular system 20f, 22, 26 
central nervous system 22-23, 26 
characteristics 15t 
day-case general anaesthesia 564 
distribution 22 
heart rate 21f 
mean arterial pressure 19f 
metabolism 22, 27 
musculoskeletal system 23 
neonates 738 
neuromuscular junctions 26—27 
obstetric use 23 
phaeochromocytoma surgery 632—633 


pharmacokinetics 26 
physical properties 22 
prevalence of use 15 
recovery from 17f 
renal system 23, 168-169 
respiratory system 18f, 22, 26 
structure 16f 
systemic effects 27t 
systemic vascular resistance 19f 
uptake 17f, 22 
uterus 27 
hared responsibility equipment checks 
440 
hikani stilette 489, 489f 
hivering, postoperative care 820 
hock, ICU 915-916, 917-918 
hockable rhythms, advanced life support 
951-954 
hoemaker's criteria 498 
hort answer questions (SAQs) 971—972 
houlder replacement 588 
hunt, hypoxaemia 803 
hunt insertion, cerebrospinal fluid 
650-651 
SI (stroke index) 1005t 
SIADH (syndrome of inappropriate ADH) 
204, 207 
Sickle cell disease 219-221 
Sickle-cell trait 221 
Signal processing, clinical measurement 314 
Signal-to-noise ratio, continuous clinical 
measurement 316 
Signs of anaesthesia, inhalational 
anaesthesia 448—449, 449f 
SIIVT (syndrome of inappropriate 
intravenous therapy) 207 
Sildenafil 163 
Silver tracheostomy tubes 303 
Simmond's disease (hypopituitarism) 406 
Simplified Acute Physiology Scale (SAPS) 
928 
Simulation, assessment tools 972 
SIMV see Synchronized intermittent 
mandatory ventilation (SIMV) 
Single-dose epidural block 531 
Single nucleotide polymorphisms (SNPs) 69 
Single photon emission computed 
tomography (SPECT) 963 
Single-use devices, equipment checks 439 
Sinoatrial node 675f 
Sinus bradycardia 812 
Sinus surgery 593 
Sinus tachycardia 961 
hypotension 811-812 
SIRS see Systemic inflammatory response 
syndrome (SIRS) 
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SI system 1002 
Sitting position 447 
Situational awareness, quality and safety 
891-892 
Six Sigma model 900 
Skeletal muscle 
diethyl ether 29 
halothane 25 
ketamine 50 
propofol 46 
Skeletal system, thiopental sodium 42 
Skin, ICU admission 906 
SLE (systemic lupus erythematosus) 417 
Sleep, opioids 71 
Sleep apnoea, obstructive see Obstructive 
sleep apnoea 
Sleep-disordered breathing, bariatric 
patients 554 
Sleeve gastrectomy 558 
SLMA (Supreme laryngeal mask airway) 
305-306, 307f 
Smoking 
asthma surgery 394 
history-taking 361-362 
obstetric anaesthesia assessment 722 
Smoking cessation 
high-risk patients 504 
thoracic surgery 659-660 
SNP (sodium nitroprusside) 137-138 
SNPs (single nucleotide polymorphisms) 69 
SNRIs (serotonin norepinephrine re-uptake 
inhibitors) 941 
Society for Cardiothoracic Surgery (SCTS) 
674 
Soda lime, rebreathing systems 280-281, 280t 
Sodium 
chemical pathology 1007t 
CNS damage 923 
disorders see Hypernatraemia; 
Hyponatraemia 
fluid balance 202 
renal disease 399—400 
Sodium balance 204 
disorders 204-208 
Sodium bicarbonate 
Caesarian section 716 
epidural block 716 
metabolic acidosis treatment 213 
Sodium chloride solutions, high-risk patient 
perioperative management 510 
Sodium cromoglycate 161 
Sodium hyaluronate 604 
Sodium nitroprusside (SNP) 137-138 
infusion regimens 1006t 
Sodium/potassium pump, intraocular 
pressure 602 


SOE (structured oral examination) 972 
SOFA (Sequential Organ Failure 
Assessment) 928 
Solubility coefficients 251 
Solutes 199 
Solvents, intravenous anaesthetic agent 
adverse reactions 54 
Somatic pain 934 
Sonoclot™ device 350-351 
Sore throat, postoperative care 819 
Sotalol 151 
characteristics 148t 
pharmacology 132t 
Spasm, larynx see Laryngeal spasm 
Special circumstances, consent 426—427 
Specialized tracheal tubes 301-303, 301f 
302f 
Specific heat capacity 247 
SPECT (single photon emission computed 
tomography) 963 
Spinal anaesthesia 
Caesarian section 714-715 
day-case regional anaesthesia 565 
emergency Caesarean section 716-717 
gynaecological/genitourinary surgery 
571-572 
knee replacement 587 
total, epidural block complications 532 
transurethral resection syndrome 571 
ventilatory drive 801 
Spinal cord 
anatomy 640—642 
blood supply 642 
lesions with paraplegia 413 
stimulation 945-946 
subarachnoid block complications 529 
trauma 529 
Spinal (subarachnoid) drug administration 
i 
Spinal endoscopy, chronic pain 
management 944 
Spinal nerve block 
postoperative 836 
total, obstetric anaesthesia emergencies 
727 
Spinal opioids, postoperative analgesia 839 
Spinal surgery 588-589 
Spinomesencephalic tract 824 
Spinoreticular tract 824 
Spinothalamic tract 824 
Spiral learning 966-970 
Spirometry 
gas volume measurement 334 
obesity 552, 553f 
thoracic surgery investigations 658-659 
Spironolactone 176-177 
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Splitting ratio, vaporizers 248 
Sponsorship, clinical trials 992 
Spontaneous emission, lasers 259 
Spontaneous ventilation, tonsillectomy 591 
Sputum culture, respiratory disease 391 
SSRIs (selective serotonin reuptake 
inhibitors) 415 
Staff 
early recovery period 795-797 
ICU see Intensive care unit (ICU) 
operating theatres 441 
Staff safety, MRI 773 
Standard deviations 975 
Standardization, resistance to 897 
Starvation effects, diabetes mellitus 
402-403 
Static compliance, obesity 553-554, 554f 
Static electricity 
flowmeters 267 
ignition sources 261 
prevention 261 
Statins 
high-risk patients 504 
preoperative therapy 384 
vascular surgery 621 
Statistics 974 
comparison of techniques 984—985 
predictive testing 985-988 
scoring systems 985—988 
testing 979-985 
types of error 988-989 
see also specific topics 
Status epilepticus 410-411 
Stellate ganglion block 945 
Stereoisomers 63t 
Stereotactic biopsy 649 
Stereotactic-guided surgery 772 
Steroids 408—409 
administration route 160-161 
adverse effects 161t 
airway calibre 159-161 
anaesthesia interactions 359t 
chronic pain management 944 
dose 160-161, 160t 
epidural 944 
immunosuppression in transplanted 
organ patients 786t 
indications 159-160 
intracranial tumours 648-649 
rheumatoid arthritis 416 
see also Corticosteroids 
Stethoscopes, oesophageal 333 
Stewart's physicochemical theory of acid- 
base balance 215 
Stilettes 309 
Stimulated emission, lasers 259 
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Stimulation-induced analgesia 945-946 
STOP (suction termination of pregnancy) 
373 
STOP-BANG questionnaire 363t 
Storage space, operating theatres 441 
Strabismus surgery 618 
Straight blade laryngoscopes 295-296 
technique 452f 
Strategy planning 465—466 
Stress echocardiography 500 
Stress response 187—191, 188t 
afferent neural stimuli 190 
analgesia 191 
carbohydrate mobilization 189 
cardiovascular system 189, 190f 
cytokine response 191 
epidural block 191 
fat metabolism 189 
gastrointestinal system 189 
general anaesthesia 190-191 
immunological system 190 
modification 191 
neuroendocrine response 
188-190, 191 
protein catabolism 188-189 
respiratory system 189 
Stress ulcer prophylaxis, ICU 919 
Stridor 595 
STROBE 994 
Stroke index (SI) 1005t 
Stroke volume 
definition 917 
high-risk patient perioperative 
management 506-507, 507f, 
508-509, 508f, 510 
pregnancy 691, 692f 
Stroke volume (SV) 1005t 
Structured oral examination (SOE) 972 
Study groups 972 
Subarachnoid administration, 
postoperative opioids 839 
Subarachnoid block (SAB) 522-534, 525t 
agents 528 
anticoagulants 533-534 
complications 528-529 
contraindications 524 
duration-affecting factors 526 
epidural block vs. 530t 
indications 523-524 
intravenous access 524 
lumbar puncture 525-526, 526f 
patient positioning 525 
physiological effects 522-523 
spread-affecting factors 526, 528t 
techniques 524-529 
Subclavian catheters 326 


Subcutaneous drug administration 9 
opioids 
chronic pain management 940 
postoperative analgesia 830 
Subdural block 532-533 
Sublingual administration, postoperative 
opioids 834 
Subspeciality training 969 
Substance P (NK, ) antagonists, PONV 
treatment 849t, 851-852 
Sub-Tenon's block 612 
complications 613 
Sub-Tenon space 610f 
Succinylcholine see Suxamethonium 
(succinylcholine) 
Succinylcholine pains 820-821 
Suction 
CPB 677 
ear surgery 593 
equipment checks 437 
Suction apparatus 310, 310f 
Suction termination of pregnancy 
(STOP) 575 
Sufentanil 78 
pharmacokinetic and physicochemical 
properties 76t 
structure 74f 
Sugammadex 100 
bariatric patients 558 
day-case general anaesthesia 565 
structure 101f 
Sulfasalazine 580 
Sulphonamides 359t 
Sulphonylureas 403 
Sumatriptan 718 
Superior hypogastric plexus block 945 
Superior oblique muscle 609f 
Superior rectus muscle 609f, 610f 
Superior tarsus 610f 
Supervision errors 888 
Supine position 447 
Supplementary drug therapy, neurological 
anaesthesia 646-647 
Supraclavicular block 540-541, 540f 
Supraglottic airway devices (SADs) 
305-307, 488—490 
can't intubate, can't ventilate 480 
difficult tracheal intubation 475, 476f 
second generation 305-306 
see also specific devices 
Supraspinal systems, pain physiology 824 
Supraventricular arrhythmias 
CPB 688 
postoperative care 812 
Supraventricular tachyarrhythmias 387 
Supraventricular tachycardia (SVT) 873 


Supreme laryngeal mask airway (SLMA) 
305-306, 307f 
Surface area, vaporizers 248 
Surgery, postponement 370-371 
Surgical airway 482-483 
Surgical anaesthesia (stage 3) 448 
Surgical spirits, fires 260 
Surgical stress 787 
Survival analysis 988 
Suxamethonium (succinylcholine) 
90-92 
bariatric patients 557-558 
burns 638-639 
day-case general anaesthesia 565 
general anaesthesia in Caesarean section 
721-722 
hypoventilation 802 
intraocular pressure effects 605 
neonates 739-740 
ophthalmic general anaesthesia 606 
paediatric values 1017 
rapid sequence induction of emergency 
anaesthesia 758-759 
renal disease anaesthesia 401 
rigid endoscopy/microlaryngoscopy 592 
sensitivity 882 
side effects 92-93 
structure 90f 
twitch response 95t 
SV (stroke volume) 1005t 
SVR (systemic vascular resistance) 19f, 27t, 
1005t 
SVT (supraventricular tachycardia) 873 
Sweating, hypoxaemia 864 
Sympathetically maintained pain 934-935 
Sympathetic nerve blocks 
chronic pain management 944—945 
local anaesthetics 515 
Sympathetic nervous system 116-120 
adrenergic receptors 119-120 
drugs affecting 122-135 
effects of 117t 
neurotransmitters 118-119 
second messenger systems 120 
sympatholytic drugs 128-135 
centrally-acting 128-129 
peripherally active 129-130 
sympathomimetic drugs 122, 122t 
third messenger systems 120 
Sympathoadrenal response, premedication 
374 
Sympatho-adrenal response, burns 636 
Sympatholytic drugs 128-135 
see also specific drugs 
Sympathomimetic drugs 122, 122t 
see also specific drugs 


Synchronized intermittent mandatory 
ventilation (SIMV) 912-913, 915 
transport ventilators 290 
Syndrome of inappropriate ADH (SIADH) 
204, 207 
Syndrome of inappropriate intravenous 
therapy (SIIVT) 207 
Synthetic catecholamines 124-125 
Syntocinon 701-702 
Syntometrine 702 
Systemic effects, nitrous oxide 31-32 
Systemic inflammatory response syndrome 
(SIRS) 185 
oxygen requirements 497 
surgery 497 
Systemic lupus erythematosus (SLE) 417 
Systemic sclerosis 416 
Systemic toxicity, local anaesthetics 64-65 
Systemic vascular resistance (SVR) 19f, 
27t, 1005t 
Systems approach, quality and safety 
887-892 
Systolic left ventricular (LV) pressure 1005t 
Systolic pulmonary arterial (PA) pressure 
1005t 
Systolic right ventricular pressure 1005t 


+ 
t% see Elimination half-life (t12) 
Tachyarrhythmias 
intraoperative 387-388 
supraventricular 387 
Tachycardia, supraventricular 873 
Tachycardias 
anticholinergic drug side effects 375 
atrial 387-388 
complications during anaesthesia 
871-872 
effects of 916 
hypoxaemia 864 
ischaemic heart disease surgery 385 
pre-cardiac arrest 958-961, 959f 
treatment 959f 
ventricular see Ventricular tachycardias 
Tacrolimus 179 
TAP block see Transverse abdominis plane 
(TAP) block 
Tapentadol 80 
Target-controlled infusion (TCI) 
day-case general anaesthesia 564 
devices 459-460 
intravenous anaesthesia 53-54 
neurological anaesthesia induction 645 
TBW (total body water) 200, 200f 
TCAs see Tricyclic antidepressants (TCAs) 


TCI see Target-controlled infusion (TCI) 
Teachers, child consent 426 
Team working 
difficult airway management 466 
pre-hospital environment 780 
quality and safety 891 
TEC Mark 2 vaporizer 269-271 
TEC Mark 3 vaporizer 269-271 
TEC Mark 4 vaporizer 269-271 
TEC Mark 5 vaporizer 269-271, 270f 
TEC Mark 6 vaporizer 269-271, 272f 
TEG (thromboelastography) 767 
Telmisartan 145t 
Temazepam 111, 683 
Temperature 246-247 
body see Body temperature 
definition 237t 
measurement 246—247 
operating theatres 430—431 
vaporizers 248 
see also Thermodynamic temperature 
Temperature compensation, vaporizers 
249 
Temperature measurement 
body see Body temperature 
equipment 350 
Tenon's capsule 609, 610f 
TENS see Transcutaneous electrical nerve 
stimulation (TENS) 
Tension pneumothorax 
cardiac arrest 955 
major trauma anaesthesia 765 
Tension time index (TTI) 874 
TEPP (tetraethylpyrophosphate) 100 
Teratogenicity, nitrous oxide 33 
Terbutaline 702 
Terminal outlets, gas supplies 264 


Test dose, epidural analgesia in labour 712 


Testicular surgery 576 
Tests/testing 979-985 
accuracy of 985-988, 986b, 987b 
Tetanic stimulation, neuromuscular 
blockade monitoring 102-103 
Tetracaine 57t 
cream 548-549 
gel 741 
Tetraethylpyrophosphate (TEPP) 100 
TF (tissue factor) 217—218 
TG see Triglycerides (TG) 
Thalamus 640 
Thalassaemia 221 
Theophylline 
administration route 158 
dose 158 
metabolism 158-159 
Therapeutic hypothermia 962-963, 964 
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Therapeutic Intervention Score System 
(TISS) 928 
Thermal conductivity, gas analysis 338 
Thermal indicator dilution, arterial 
pressure measurement 329-330 
Thermal injury see Burns 
Thermistor 247 
Thermistor thermometers 349-350 
Thermocouple 247 
Thermocouple thermometers 350 
Thermodynamic temperature 1003 
SI system 1002t 
Thermogenesis 191—192 
Thermometers 349 
chemical 247, 349 
dial 350 
direct reading non-electrical 349 
infrared 349 
liquid expansion 247, 349 
resistance-wire 349 
thermistor 349-350 
thermocouple 350 
Thermoreceptors 192-193 
Thermoregulation 191-198, 192f 
anaesthesia effects 193-196 
central control 193 
effector mechanisms 193 
heat balance 191-193, 192f 
heat loss 192 
neonates 735-736 
physiology 191 
post-resuscitation care 962-963 
regional anaesthesia 196 
thermogenesis 191—192 
thermoreceptors 192-193 
thresholds 193-194, 194f 
Thiazide diuretics 175-176 
Thiobarbiturates 40f 
Thiopental 41—44 
absolute contraindications 43 
administration 42—43 
adverse effects 43, 55t 
breast-feeding 701 
cardiovascular system 41 
central nervous system 41 
chemical structure 41 
dosage 42—43 
eye 42 
general anaesthesia in Caesarean section 
721-722 
hepatorenal function 42 
indications 43 
intra-arterial injection 446 
intravenous anaesthetic agents 40t 
intravenous induction 446t 
neonates 699-700 
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Thiopental (Continued) 
paediatric values 1017 
pharmacokinetics 42 
physical properties 41—42 
placenta 42 
precautions 43—44 
properties 38t 
rapid sequence induction of emergency 
anaesthesia 759 
respiratory system 41—42 
skeletal system 42 
uterus 42 
Third-generation calcium channel 
blockers 141 
Third-space losses, perioperative 
therapy 203 
Thoracic decompression 653 
Thoracic electrical bioimpedance 332 
Thoracic hump 552 
Thoracic inlet X-ray 365 
Thoracic surgery 657—673 
anatomy 659f, 660-661, 660f 
concomitant disease treatment 659-660 
differential diagnosis 658 
examination 657—658 
history-taking 657-658 
induction 661—667 
investigations 658-660 
invasive assessment 659 
regional lung function 659 
whole-lung testing 658-659 
maintenance 661—667 
postoperative care 671—672 
preoperative assessment 657—660 
radiographic surface markings 661 
see also specific operations 
Thoracotomy, lateral see Lateral 
thoracotomy 
Three-person technique, mask 
management 473f 
Thrombin time (TT) 222 
normal values 1010¢ 
Thrombocytopaenia 227-228 
liver disease 398 
Thromboelastography (TEG) 767 
Thromboembolism 
complications during anaesthesia 875 
obstetric anaesthesia emergencies 
727-728 
prophylaxis in orthopaedic surgery 584 
Thrombophlebitis 43 
Thromboplastin time (TT) 219 
Thrombosis 228-229 
risk factors 229t 
Thymol, volatility 271 
Thyroid disease 406—407 


hypothyroidism 407 
see also specific diseases/disorders 
Thyroidectomy 407 
Thyroid surgery 592 
Thyrotoxicosis 406—407 
Thyroxine (T,) 1008¢ 
Ticlopidine 228 
Tidal volume 
indirect measurement 335 
neonates 732t 
Time (t) 236, 237t 
SI system 1002t 
Time-cycling, ventilators 288 
Timeliness, clinical trials 991 
Timing, local anaesthetics 518 
Timolol 132t 
Tiotropium 157 
TIPS (transjugular intrahepatic 
portosystemic shunt) procedure 776 
TISS (Therapeutic Intervention Score 
System) 928 
Tissue factor (TF) 217-218 
Tissue hypoxia 803 
Tissue necrosis, thiopental sodium adverse 
effects 43 
TIVA see Total intravenous anaesthesia 
(TIVA) 
To-and-fro (Waters') rebreathing systems 
281, 281f 
Tocolytic drugs, pregnancy 702 
TOE see Transoesophageal 
echocardiography (TOE) 
TOF (train-of-four) twitch response 102, 103f 
Tolerance, opioids 71 
Tonicity, definition 199-200 
Tonsillectomy 590-591 
Tonsils, haemorrhage 594 
Topical anaesthesia 548-549 
Topic selection, selection bias 978 
Total body water (TBW) 200, 200f 
Total epidural block, obstetric anaesthesia 
emergencies 727 
Total intravenous anaesthesia (TIVA) 
459-460 
equipment checks 439 
neurological anaesthesia 646 
PONV 788 
propofol 48 
Total spinal anaesthesia, epidural block 
complications 532 
Total spinal block 
local anaesthetics 516 
obstetric anaesthesia emergencies 727 
Total water content (TWC) 1011t 
Tourniquets 886 
intravenous regional anaesthesia 522 


local anaesthetics 520-521 
orthopaedic surgery 584-585 
Toxicity, local anaesthetics 515 
Tracheal access, direct 481 
Tracheal extubation 460-461 
complications 461 
emergency anaesthesia 761—762 
indications 688 
Tracheal intubation 451—458 
anaesthesia 452—453 
awake intubation 458 
complications 458, 859-867 
awake intubation 861 
bronchial intubation 862, 911 
inhalational induction 861 
conduct of 453 
contraindications 451 
CPR 956 
difficult intubation 454—458, 474—481, 
859-861, 859t 
acquired causes 454 
aetiology 454, 455t 
congenital causes 454 
failed intubation 477-479 
general anaesthesia 457 
grading 455-456, 456f, 457f 
inhalational anaesthesia 457 
intubating laryngeal mask airway 
474-477, 476f, 478f 
laryngeal mask airway 474-475 
management 455—457, 456f, 456t, 
859-861, 860t 
oxygenation 477—479 
preoperative preparation 456 
primary attempt 474-481, 474f 
regional anaesthesia 456 
regurgitation and aspiration 860 
secondary attempt 474—477 
supraglottic airway devices 476f, 
488—490 
waking 477—479 
elective open abdominal aortic 
aneurysm repair 622 
equipment 445t, 451—452 
see also Laryngoscopes/laryngoscopy; 
Tracheal tubes 
failed 861-862 
general anaesthesia 860 
gynaecological/genitourinary surgery 
568-569 
indications 451 
inhalational anaesthesia 452 
liver disease 398 
local anaesthesia 860 
major trauma anaesthesia 763 
mechanical ventilation 911 


neonates 743, 744t 
plastic surgery 634 
pre-hospital environment 782 
preparation 451 
problems, guidelines 471f, 472f 
regional anaesthesia 860 
relaxant anaesthesia 452—453 
Tracheal obstruction, extubation 
difficulties 491 
Tracheal surgery 670-671 
Tracheal tubes 299-304, 300f, 451 
angle pieces 304, 304f 
catheter mounts 303-304, 304f 
connections 303-304, 304f 
connectors 452 
cuffed see Cuffed tracheal tubes 
flexible metal 301, 302f 
paediatric sizes 1016t 
plain tubes 300, 300f 
shape 301 
sizes 300, 452 
difficult airway management 
467—468 
specialized 301-303, 301f, 302f 
Tracheobronchial suction, tracheal 
extubation 460 
Tracheo-oesophageal fistulas, neonates 
747—748 
Tracheostomy 592-593, 671 
ICU 911 
Tracheostomy tubes 302-303, 303f 
paediatric sizes 1016t 
Training 
difficult airway management 463-465, 
466 
experiential learning 967 
intensive care medicine 969-970 
introduction to practice 967, 967t 
less-than full-time training 969 
modular training 967—969, 967t, 969t 
pain medicine 969-970 
phases of 967-969 
principles 966—970, 967t 
spiral learning 966-970 
subspeciality training 969 
Train-of-four (TOF) twitch response 102, 
103f 
Tramadol 79 
characteristics 834t 
metabolism 4t 
postoperative analgesia 830t 
Trandolapril 144t 
Tranexamic acid 224t 
haemophilia 222 
Transaminase 1007t 
Transcervical endoscopy 570 


Transcervical surgery 575 
Transcranial Doppler ultrasound 347—348 
Transcutaneous electrical nerve 
stimulation (TENS) 
chronic pain management 945, 945f 
labour analgesia 708 
PONV treatment 852 
postoperative analgesia 841 
Transcutaneous electrodes, oxygen tension 
measurement 343 
Transdermal drug administration 10 
opioids 939-940 
postoperative opioids 835 
Transduction, clinical measurement 314 
Transferrin 1007t 
Transfers 
ICU admission 907 
monitoring 354-355 
Transfusion reaction, acute 233t 
Transfusion Requirements in Critical Care 
(TRICC) trial 232 
Transfusions see Blood transfusions 
Transient receptor potential (TRP) family 
59f, 67 
Transit time, gas analysis 337 
Transjugular intrahepatic portosystemic 
shunt (TIPS) procedure 776 
Transmembrane potential 89 
Transmucosal postoperative opioids 834-835 
Transoesophageal echocardiography 
(TOE) 332 
cardiac surgery 678, 681 
coronary valve diseases 675—676 
myocardial ischaemia 874 
Transplanted organ patients 784-793 
anaesthetic considerations 785-788 
immunosuppression 785 
infections 786-787 
intraoperative 787 
organ injury 787 
other organ systems 787 
postoperative considerations 788 
preoperative 785-787 
surgical stress 787 
transplanted organ status 785-786 
comorbidities 785 
immunosuppression 784-785 
patient survival 784, 784t 
see also specific transplanted organ patients 
Transport ventilators 290, 290f 
Transthoracic echocardiography (TTE) 678 
Transurethral bladder surgery 575-576 
Transurethral resection of bladder 
tumours (TURP) 576 
complications 575 
gynaecological/genitourinary surgery 572 
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Transurethral resections, laser 570 
Transurethral resection (TUR) syndrome 
570-571 
clinical features 571t 
postoperative care 797 
Trans-vaginal tape 576 
Transverse abdominis plane (TAP) block 
543 
Caesarean section 718 
gynaecological/genitourinary surgery 
572 
postoperative 838 
Trauma 
during anaesthesia see Complications 
during anaesthesia 
coagulopathies 227t 
coagulopathy 222-225 
see also Major trauma anaesthesia 
Treacher Collins syndrome 493 
Trendelenburg position 447, 447f 
gynaecological/genitourinary surgery 
568 
Triamterene 176 
TRICC (Transfusion Requirements in 
Critical Care) trial 232 
Trichloroethylene 1004t 
Tricyclic antidepressants (TCAs) 
anaesthesia interactions 359t 
chronic pain management 941 
ECT 415 
Trigeminal nerve (V) 609 
Trigeminal neuralgia treatment 651 
Triglycerides (TG) 185 
chemical pathology 1007t 
structure 185f 
Trigonometry, intracranial 
tumours 649 
Tri-iodothyronine (T,) 1007¢ 
Trimeprazine (alimemazine) 1017t 
Trochlea 609f 
Trochlear nerve (IV) 608-609 
Trochlear vein 609f 
Trolleys, patient transfer 429 
Tropisetron 849t 
TRP (transient receptor potential) family 
59f, 67 
Trunk, plastic surgery 634 
Trunk nerve blocks 541-544 
see also specific blocks 
TT see Thrombin time (TT) 
TT (thromboplastin time) 219 
TTE (transthoracic echocardiography) 
678 
t-tests 983 
TTI (tension time index) 874 
Tuberculosis 396 
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Tubocurarine chloride 94 
twitch response 95t 
Tumours, upper airway obstruction 486 
Tuohy needle 529, 530f 
TUR see Transurethral resection (TUR) 
syndrome 
Turbulent flow 243-244, 244f 
applications 244 
TURP see Transurethral resection of 
bladder tumours (TURP) 
TWC (total water content) 1011t 
Twitch, neuromuscular blockade 
monitoring 102 
Two-bag test, equipment checks 439 
Two-compartment pharmacokinetic 
model 7, 7f 
Two-person (four-handed) technique, 
mask management 469, 473f 
Types of error, statistics 988-989 


U 
Ultrasonic flowmeters 337 
Ultrasound 257-258, 258f, 770 
carcinoid tumour 630 

deep venous thrombosis 814 
detection 331 

Doppler see Doppler ultrasound 
generation 331 

ICU monitoring 908 

local anaesthetics 520 

properties 331 

upper limb block 536, 538-539, 5381, 

539f 

ncuffed tracheal tubes 300, 300f 
niform distribution 976-977 
nsafe act preconditions, errors 888 
nsafe supervision, errors 888 

pper airway, acute infection 370-371 
pper airway obstruction 799 
hypoventilation 799 

turbulent flow 244 

pper limb blocks 535-541 

axillary blocks 536-539 
disadvantages 539 

method 537-539 

positioning 536 

toxicity 65 

ultrasound-guidance 536, 538-539, 

5381, 539f 
see also specific blocks 
Upper limb innervation 538f 
Upsherscope 489 
Urate 1007¢ 
Urea 364t 
chemical pathology 1007t 


GG Set SE) ie 


S 


Urethral endoscopy 570 
Urinary catheters 573 
Urinary retention 
local anaesthetics 516 
subarachnoid block complications 529 
Urine analysis, preoperative assessment 363 
Urine output 
malignant hyperthermia management 
879-880 
renal disease 399t 
Urology, subarachnoid block 523 
Uroplacental blood film 699 
Uterotonic drugs 701-702 
Uterus 
diethyl ether 29 
enflurane 28 
halothane 25 
inhalational anaesthetic agents 27 
isoflurane 18 
ketamine 50 
propofol 47 
scarring 723 
thiopental sodium 42 


Vv 
V see Volume of distribution (V) 
Vacuum insulated evaporators (VIE) 263 
Vacuum terminal outlets 264 
Vagal reflex reduction, premedication 374 
Vaginal hysterectomy 573 
VALI (ventilator-associated lung injury) 
913 
Valsartan 
anaesthesia interactions 359t 
pharmacology 145t 
Value, clinical measurement 312 
Valvular heart disease 389-391 
Vancomycin-resistant enterococcus (VRE) 
925 
Van Slyke oxygen content measurement 
343 
VAP (ventilator-associated pneumonia) 
925-926 
Vaporization 238, 247-250, 248f 
mechanism of action 247 
Vaporizer(s) 248-250 
anaesthetic machine 268-271 
anaesthetic machine safety features 272 
back pressure 249-250, 249f 
classification 248 
drawover 248, 268, 269f 
equipment checks 438 
filling, scavenging 292, 292f 
principles 248, 249f 
temperature compensation 249 


Vaporizer inside the circle 283f, 284 
Vaporizer outside the circle 283-284, 283f 
Vapour analysers, alarms 353 
Vapour analysis see Gas analysis 
Variable orifice flowmeters 335-336 
Variable performance devices, oxygen 
therapy 808, 808f 
Variable pressure change flowmeters 
336-337 
Variant Creutzfeldt-Jakob disease (vCJD) 
434 
VAS (Visual Analog Scale) 828 
VASC see Voltage-activated Na* channels 
(VASC) 
Vascular disease 
bariatric patients 555 
peripheral 620 
Vascular injury, complications during 
anaesthesia 886 
Vascular surgery 620-629 
morbidity 620-621 
mortality 620-621 
preoperative evaluation 620 
preoperative therapy 621 
see also specific types 
Vasoactivity, local anaesthetics 62 
Vasoconstriction, peripheral 687 
Vasoconstrictors 613 
Vasodilators 137-138 
classification 137 
indications 137, 137t 
nitrates 137 
potassium channel activators 138 
Vasopressin 126 
renal effects 172 
Vasovagal attack 516 
Vecuronium 97 
day-case general anaesthesia 565 
ischaemic heart disease surgery 386 
neonates 740 
paediatric values 1017t 
twitch response 95t 
Velocity 236, 237t 
Venner AP Advance laryngoscope 296-297, 
298f 
Venous oxygen content, hypoxaemia 803 
Venous pressure, intraocular pressure 603 
Venous reservoir, CPB 676 
Venous thromboembolism (VTE) 228-229 
gynaecological/genitourinary surgery 
572 
mechanical prophylaxis 229 
prophylaxis in day-case anaesthesia 563 
risk assessment 230t 
Venous thrombosis, etomidate 49 
Ventilation 


burn anaesthesia 637-638 
CPR 956-957 
equipment checks 435 
head trauma 655 
head trauma management 654 
mechanical see Mechanical ventilation 
myasthenia gravis 413 
neurological anaesthesia 646 
normal resting values 1018t 
operating theatres 430—431 
pressure controlled 912 
volume controlled 912 
see also Ventilator(s) 
Ventilation—perfusion abnormalities, 
hypoxaemia 802 
Ventilator(s) 285—291 
anaesthetic gas delivery 288-289, 289f 
bacterial filters 285-286, 285f 
constant flow generators 287-288, 287f, 288f 
constant pressure 286-287, 287f 
emergency anaesthesia maintenance 
760-761 
equipment checks 438—439 
expiration 288 
expiration-inspiration change 288 
high-frequency ventilation 290, 290t 
humidifiers 285-286 
inflatable cuirass 285 
inspiration 286-288, 286f 
inspiration—expiration change 288 
pressure cycling 288 
time-cycling 288 
transport ventilators 290, 290f 
types 285 
volume cycling 288 
Ventilator-associated lung injury (VALI) 913 
Ventilator-associated pneumonia (VAP) 
925-926 
Ventilatory control, drugs affecting 164 
Ventilatory drive, hypoventilation 799t, 
800-801 
Ventilatory efficiency, high-risk patient 
identification 501-502 
Ventouse delivery 
labour 717 
post-delivery analgesia 717 
Ventricular arrhythmias 
complications during anaesthesia 873 
CPB 688 
postoperative care 812 
Ventricular failure, hypotension 811 
Ventricular fibrillation, complications 
during anaesthesia 873 
Ventricular tachycardias 
complications during anaesthesia 873 
perioperative management 388 


Venturi 244-246 
fluid flow 245, 245f 
Hagen—Poiseuille's equation 245, 245f 
nebulizers 246 
oxygen therapy 245 
Venturi injector device 290-291, 291f 
Manujet type 290-291, 291f 
Verapamil 140-141, 153 
anaesthesia interactions 359t 
characteristics 140t 
clinical effects 139 
pharmacokinetics 140t 
Verbal consent 422 
Verbal rating scale, pain measurement 828 
Vertebral arteries 642 
Very low-density lipoproteins 
(VLDLs) 186 
Vestibular system, vomiting centre 
stimulation 845 
Video-assisted thoracoscopic surgery 669 
Videolaryngoscopes 296-297, 297f, 298f, 
488—490 
children difficult airway management 
494 
VIE (vacuum insulated evaporators) 263 
Visceral hyperalgesia 934 
Visceral pain 825, 934 
Visceral stimulation, ketamine precautions 
51 
Viscero-visceral hyperalgesia 934 
Viscosity (n) 243 
Visual Analog Scale (VAS) 828 
Vitamin K 224t 
preoperative therapy 384 
Vitreous volume, intraocular pressure 604 
Vitroretinal (VR) surgery 617—618 
VLDLs (very low-density lipoproteins) 
186 
Volatile anaesthetic agents 12-13 
intraocular pressure effects 605 
mechanism of action 12 
onset of action 12-13 
potency 12, 12t 
see also Anaesthetic gases; Inhalational 
anaesthesia; specific drugs 
Volt 253 
Voltage-activated Na* channels (VASC) 58 
local anaesthetics 56, 57—58, 58f, 59f, 
60f 
segregation within membrane 59—60 
structure 58, 58f 
subtypes 58 
Volume 236, 1002 
SI system 1002t 
Volume controlled ventilation 912 
Volume cycling, ventilators 288 
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Volume of distribution (V) 
calculation 6-7 
opioids 74 
pharmacokinetics 5 
Volume-time gas flow measurement 335 
Voluntariness, consent 423 
Vomiting 
definition 755, 843 
intravenous induction complications 
446 
neural and muscular coordination 845 
postoperative see Postoperative nausea 
and vomiting (PONV) 
risk factors 756 
see also Nausea and vomiting 
Vomiting centre 843, 844f 
stimulation of 844-845 
Von Willebrand disease 222 
Von Willebrand factor 217 
VRE (vancomycin-resistant enterococcus) 
925 
VTE see Venous thromboembolism 
(VTE) 


Ww 
Waking, difficult tracheal intubation 
477—479 
Ward monitoring 511, 512t 
Warfarin 384 
Water, fluid balance 202 
Water homeostasis 201, 201f 
Waters' rebreathing system 281, 281f 
Waveform capnography 956-957 
Weaning, mechanical ventilation 915 
Weight 
definition 237, 237t 
neonates 740, 741t 
postoperative analgesia 827 
see also Bariatric patients; Obesity 
Weight loss 
asthma surgery 394 
bariatric patients 559 
thoracic surgery 659—660 
Wertheim's hysterectomy 571-572 
Wet and dry bulb hygrometer 250 
WENS (World Federation of 
Neurosurgeons) 649, 649t 
White blood cell count (WBC) 1009t 
White blood cells (leukocytes) 216 
WHO see World Health Organization 
(WHO) 
Whole-lung testing, thoracic surgery 
658-659 
Wide-bore cannula, emergency airway 
techniques 482, 482f, 484 
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Wire strain gauge 320-321 
Withdrawal, mortality in ICU 928-929 
Wolff-Parkinson—White syndrome 147t 
Work 237, 237t 
SI system 1002t 
Workaround understanding, quality and 
safety 899 
Workplace-bases assessment tools 970t 
World Federation of Neurosurgeons 
(WFNS) 649, 649t 
World Health Organization 
(WHO) 
analgesic ladder 937-938, 938f 


quality and safety checklists 897-899, 
898t 
Wound(s) 
ICU admission 906 
postoperative infiltration 838 
Wound healing, immunosuppression 
in transplanted organ 
patients 785 
Wright respirometer 334, 335f 
Written consent 422 
Written information 
consent 424 
day-case anaesthesia 562 


X 

Xenon 35 

X-rays 255 
exposure to 771 


Z 

Zafirlukast 161 

Zero stability, continuous clinical 
measurement 315 

Zinn, annulus of 608, 609f 

Zones of cleanliness, operating theatre 
environment 428, 429t 

Zonule, anatomy 603f 


